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Abstract.
containing the equivalent of 25% Cr and 7% hi was
investigated by optical and electron microscopy. The
morphologies of the product structures and kinetics of
transformation were determined over the temperature range 
o o
1200 C to 600 C using specimens that had been isothermally 
treated.
The nucleation and d ifiusional growth of austenite 
into a Widmanstatten plate morphology was found to occur 
f i r s t  on the fe r r it ic  grain boundaries followed by in ter­
granular precipitation. The kinetics of formation of 
austenite was determined as a C-curve over the temperature 
range 1100°C to 600°C.
Direct formation of sigma phase from fe r r ite  into
r osimple morphology occured in the temperature range 950 C to♦ A0
700 C and the kinetics o f formation was determined to have
G-curve characteristics. Sigma phase was found to have a
primitive tetragonal unit c e ll  with la ttic e  parameters
a = 793.9 pm and c * 404.9 pm with c/a * 0.51. Electron
microscope observations suggested that the sigma phase may
exist as an ordered domain structure.
*
Other structures which were not identified  were also 
found in the specimens used in the investigations. 
Microanalyses, X-ray and hardness measurements were made in 
support of these findings.
Transformat ion  o f  f e r r i t e  to  a u s te n i t e  and sigma
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Duplex stainless steels which contain austenite and 
fe r r ite  have a combination of properties that cannot be 
achieved in either fu lly  austenitic or fu lly  fe r r it ic  
stainless steels. These properties comprise better 
mechanical strength, corrosion resistance and resistance 
to stress corrosion cracking then available in austenitic 
stainless steel and greater ease of fab ricab illty  and 
higher toughness then available in fu lly  fe r r it ic  stainless 
s tee ls .
There is a wide range of au sten itic -ferritic  stainless 
steels with d ifferen t chemical compositions. In the 
temperature range 600 C to 1200 C these duplex steels are 
known to undergo a series of phase transformations which 
have an important bearing on their properties and 
performance. The present study focuses attention on the 
microstructural changes accompanying isothermal treatments 
in the temperature range 600 C to 1100 C of one commercial 
duplex ferritic-austen itic  stainless steel.
2.
2.0 STAINLESS STELIS.
Stainless steels are re la tive ly  low carbon iron-base 
alloys developed mainly for applications where corrosion 
and oxidation resistance is required. These properties 
are not usually available in other ferrous alloys and are 
mainly associated with the presence of chromium in solid 
solution. It  is also well known that a minimum 
concentration of 12 wt.% chromium is required to impart the 
corrosion and oxidation resistance characteristics. On 
this basis stainless steels have been defined as those 
ferrous alloys which contain a minimum of 12 wt.% chromium 
(1 ). ’
The basic physical metallurgy of stainless steel can 
be described using the Fe-Cr phase equilibrium diagram 
shown in Fig. 1 . In this diagram the symbol represents 
body centred cubic fe r r ite  and the region within which this 
phase is present extends over the fu l l  range of 
compositions and from immediately below the solidus line 
down to room temperature. The other phases formed in this 
a lloy  systems are the face centred cubic austenite ( V ) and 
the complex tetragonal sigma ( ^ ) phase. Their respective 
phase fie ld s  are also shown in Fig. 1 .
The extend of the various phase fie ld s  can be modified 
by alloying the iron-chromium with ternary additions. For 
the specific addition of nickel a suitable concentration 
w il l  expand the austenite phase fie ld  to the right as shown 
in the diagram in Fig. 2. Increasing the concentration of 
nickel also expands the austenite-ferrite ( V + pc) phase 
f ie ld  region down to room temperature and shrinks the
3
ChROVIUM. %
Fig.1 The ie-Cr phase equilibrium 








F e -N i-O
F ig ,  2 Digram showing the e f fe c t  of 
n ickel concentration on the phase 
boundaries of Fe-Cr-Ni a l loys  (3)
5.
P ig .  3 Diagram showing the Fe-Cr-Si phase diagram 
at constant chromium concentration (4 ).
6
fe rr ite  phase f ie ld .
The e ffec t of increasing chromium concentration is to 
expand the fe r r ite  phase fie ld  and shrinks the austenite 
phase f ie ld . The e ffec t of chromium can be seen in the 
diagram in Fig. 3. .
These e ffec ts  of chromium and nickel can be enhanced 
by the presence of other alloying elements. The terms 
" fe r r ite  formers" and "austenite formers" have been used to 
re fer to those elements which have similar behaviour to 
chromium and nickel respectively. The fe r r ite  formers ^ 6 ) 
are elements such as chromium, molybdenum, silicon , niobium 
vanadium and titanium. The austenite formers (6  ) include 
nickel, manganese, carbon, nitrogen, cobalt and copper.
-It ismevident that, the addition of nickel and other
austenitr formers to iron-chromium base alloys, leads the
more familiar types of Fe-Cr-Ni stainless steels. In these
binary, ternary or quarternary systems a large range of
stainless steels have been developed, the main types being
the fe r r it ic ,  the austenitic, the martensitic and the
precipitation hardenable alloys. Within these types there
e
is grading to differentiate between large numbers of various 
compositions.
■ In b r ie f, fe r r it ic  stainless steels have chromium
concentrations centred around 14.5 % - 27 % with a 
microstructure of cf (fe rr ite  ) phase. 'These alloys are 
non hardenable by heat treatment but can be cold worked 
and annealed. The alloys have good corrosion and oxidation 
resistance and have been used for high temperature 
applications.
7.
Fig. 4. Diagram showing the section of 
Fe-Cr-Ni phase diagram at 8% nickel ( 5  ).
The austenitic types are formed hy addition of 
austenite formers of which nickel is the main element. A 
minimum of 8% n ickel is required in iron-chromium-nickel 
a l loys  to obtain austenite as a stable phase at room 
temperature, F ig .  4 . In some grades of austenitic stainless 
s tee ls ,  manganese and nitrogen are added thereby reducing 
the required concentration of nickel. Other austenite 
formers may be necessarily alloyed in these grades to 
impart spec i f ic  properties thus further reducing the 
required nickel concentration. For example, molybdenum 
has been added to improve resistance to p itt ing  corrosion 
under a chloride environment. Carbon is held as low as 
possible or s tab i l ised  by titanium ( 7  ) or niobium ( 7  ) to 
avoid intergranular attack and loss of toughness due to 
grain boundary carbide precip itation when exposed to
O o
temperatures around 450 C to 560 C.
8,
The martensitic grades were developed for corrosion 
and oxidation resistance coupled with hardenability by heat 
treatment. This behaviour has been achieved by addition of 
carbon which enlarges the austenite loop in the iron- 
chromium system (F ig. 1), thereby making i t  possible for 
martensite (M) to form from the austenite during rapid 
cooling.
The precipitation hardenable grades were developed to 
obtain both strength and corrosion resistance and are based 
on the 18# Gr- 8# Ni stainless steel composition with the 
addition of small ammounts of carbon.
Further detailed information on the compositions of 
these standard grades" is available in BS 970 ( iv ) ,
BS 1449 ( i i )  and BS 3100 which provide a wide range of 
property combinations for selection to suit specific 
requirements.
9.
3.0 DUPLEX STAINLESS STEEIS.
The term duplex in stainless steels refers to the 
presence of two phases in the microstructure of the end 
product. These types of steels are best identified as 
duplex ferritic -au sten itic  stainless steel for example, 
where the phases that are present are included in the name.
The development of the duplex structure in these steels 
is based on the same consideration that apply to other 
type’s of stainless steels. The addition of nickel and other 
austenite formers expands both the austenite and the 
fe r r ite  plus austenite phase fie ld s  as shown in Pig. 5. It 
is evident from this diagram that an a lloy containing 
appropriate concentrations of chromium and nickel can be 
heat treated to produce the fe r r ite  plus austenite )
phases stable at room temperature.
3.1 Duplex Perritic-Austenitic Stainless Steels.
Duplex ferritic-au sten itic  stainless steels have been 
used recently in many commercial applications where the 
combined e ffec t of the two structures are known to provide 
advantages over the standard grades of austenitic stainless 
steels. The advantages in improved mechanical properties 
in addition to a high degree of corrosion resistance have 
been reported by several investigators ( io, if ).
Although austenitic grades can be strengthened by cold 
working the procedure is inconvenient and limited to 
certain section sizes ( n ) .
The higher strength of duplex stainless steels was 

















































suggested that a two phase ferritic -au sten itic  structure 
could be produced with attractive combination of strength 
and corrosion resistance compared with the fam iliar grade 
of stainless steel« Such steels can be readily hot and 
cold worked to a variety of forms. Carbon control was 
found to be c r it ic a l for hot workability and for obtaining 
best properties. In further investigations Hayden and 
Floreen ( I t )  suggested that a grain size of 10 ptm and less 
can be produced by conventional hot working and annealing 
procedures leading to higher strength and decrease in . 
ductile to b r itt le  transition temperature. This temperature 
was found to be lowered by the presence of nickel but raised 
by the presence of chromium. The useful range of 
composition, for best combination of strength and corrosion 
resistance properties is centred around 26% Cr and 6.5% Ni 
Uo ) with phase composition of approximately 40% austenite 
and 60% fe rr ite  by volume.
. Duplex ferritic-austen itic  steels, with properties of 
high strength, good corrosion resistance and high proof 
strength to weight ratios (11) may provide an economical 
solution to the problem of developing an alternative to 
nickel rich and non ferrous corrosion resistance alloys.
It  may also provide an alternative to the familiar grades 
such as type 304, 316 and 317 austenitic stainless steels.
11.
3.2 Chemical Composition.
The compositions of some commercial duplex stainless 
steels are shown in Table 1.
12
Table 1
Compositions of Duplex F e r r i t i c -  Austenitic  Stain less Steels
Alloy Chemical Composition (% w t.)
c Cr Ni Mo Cu
Creusot-Loire
Uranus 50 , 0.04. 20.5 7.5 2.5 1 .5
Uranus 55 0.04 26 5.5 2.0 3 . 0
Sandvik Steel Works
3RE60 0.02 18.5 4.7 2.7
American Casting Inst.
CD4MCU 0.04 25 5 1 .75 3.25.
Firth Vickers Foundry Ltd.
FMS ‘ 0.06 19.5 8.7 2.8
FM 0.05 23.0 9.4 3.4
f m 0.04 25.0 5.0 2.0
The duplex stainless steels listed in Table 1, a l l  
have a carbon concentration which is less than 0.06%. This 
lim itation is imposed because carbon control is c r it ic a l for 
hot workability and for best corrosion resistance in 
service. The chromium concentration is generally above 17% 
as expected for commercial alloys but Sandvik 3RE60 (used in 
this work) has the lowest chromium and nickel concentrations. 




Chromium, molybdenum and silicon  are the main fe r r ite  
formers ( l l )  in duplex stainless steels. The chromium and 
molybdenum are necessary for high levels of corrosion 
resistance. Molybdenum is also known to assist the • 
formation of d e lta -ferrite  (13 )* however increase in the 
concentration w ill cause sigma phase embrittlement.
Niobium, vanadium and titanium are also added as carbide 
stab ilisers, thus making the a lloy  less susceptible to 
precipitation of chromium carbide and so aid in improvement 
of corrosion resistance.
3.22 Austenite formers.
Austenite formers include nickel, manganese, carbon, 
nitrogen, cobalt ( n )  and as there is usually a high 
concentration of these elements present, i t  is usually 
necessary to ensure that su ffic ient concentrations of 
fe r r ite  formers are present to develop a duplex micro­
structure. Nickel is the ideal austenite former but is 
very expensive.
3.23 Nickel and chromium equivalent.
The alloying element normally present in duplex 
stainless steel favour either the s tab ility  of fe rr ite  or 
austenite. Usually the austenite and fe rr ite  formers are 
expressed as a nickel ( 14 ) and a chromium (14) equivalent 
respectively.
Ni equivalent : (%)Ni + (%)Co + 0.5- (%)Mn + 30 (%)C
+ 25 (%)N + 0.4 ( c/o)Cu.
Cr equivalent : (%)Cr + 2 (# )S i  + 1.5 (#)Mo + 5 (# )Y
+ 1.75 (%)Nb + 1.5 W )  l i  + 0.75 0 0 W
14.
The e ffec t of nickel and chromium equivalents on the 
constitution of stainless steels has "been summarised in 
the Schaeffler diagram (.15 ) and modified by Schneider (14 ) 
as shown in Pig. 6*
Fig. 6. Diagram showing the e f f e c t  of nickel and chromium 
equivalents on constitution of stainless s tee l  (Schaeff ler 
diagram).
3.3 Phase Equ il ib r ia .
At high temperatures Fe-Ni-Cr a l loys have a fu l l y
f e r r i t i c  structure which, on subsequent cooling, par t ia l ly
transforms to austenite. The phase equ il ib r ia  in these
a l loys  has been throughly reviewed (Ifc) and the formation
of the duplex structure of 6  - f e r r i t e  and austenite over
0 othe temperature range 1100 C to 800 C is shown in Fig. 7. 
These diagrams also shown that another phase, sigma ( V  ), 
may be formed depending on composition and heat treatment.
P i g .  7 ( a )  -  ( ( )  Diagram showing Isothermal Sections
through the ternary  Fe-Cr-Nr phase diagram.

17.
4.0 PHASES AMD INTERMETA LLIC COMPOUNDS IN DUPLEX 
FERRITIC-AUSTENITIC STAINLESS STEELS.
In general, the main phases known to occur in duplex 
stainless steels are the high temperature i - fe rr ite  and 
the austenite (1*7) and sigma (18) phases which may/orm 
from i t  during slow cooling or isothermal treatment. 
Intermetallic compounds such as carbides have also
been reported (l<J). Consideration of other phases formed 
in the austenitic grades especially those containing _ ~ 
molybdenum, for example types 316 and 316L, suggest that 
chi-phase and Laves phase could be present in Fe-Cr-Ni-Mo 
a lloys. In this section some aspects of the formation of 
these phases, their structural aspect, properties and 
kinetics w ill be examined.
4.1 Delta-Ferrite Phase (% ).
. In the iron-chromium binary system Fig. 1, at 
temperatures in the range 1400 C to 1500 C the phase present 
is based on S iron and has been termed S - fe r r ite . This 
phase has a body centred cubic crystal structure with 
la ttice  parameter, a, generally taken as 286.61 pm as a 
f ir s t  approximation from S iron and is useful in this 
investigation in identifying the phase during transformation.
It  was also found (10) that in austenitic grade
stainless steel containing excessive ammounts of titanium,
niobium or tantallum 6- fe r r ite  appears at solution
o
temperatures above 1050 C. The e ffect of molybdenum in 
promoting the appearance of S - fe rr ite  at high temperatures
18.
4.2 Austenite Phase ( ^ ) .
The metastable £- fe r r ite  in Fe-Cr-Ni alloys w ill 
transform at least partia lly to austenite at a appropriate 
temperatures which may be as high as about 1400®C. The 
transformation of $ — fe r r ite  to austenite has been observed 
to be similar to that of the reverse transformation of 
austenite to q( - fe r r ite .  This observation was f ir s t  
reported by Kuo (2.X ) and supported by later studies of 
Southwick and Honeycombe ). Since the reaction models 
that of austenite to fe r r ite , subjected to intense research 
by Aaronson et a l (2$), the relevant information about that 
transformation may be useful for the present study.
Austenite has a face centred cubic crystal structure, 
as* in iron-carbon a lloys, and often forms with Widmanstatten 
morphologies as described for oc - fe rr ite  . By analogy the 
Widmanstatten austenite formed in duplex stainless steel
has been described as sideplates and sawteeth which mirror
' /those describe in the Dube Classification for pc- fe rr ite  
in low a lloy  steels (%% ). The formation of o (-ferrite in 
low a lloy steels has generally been agreed to occur by 
a ledge mechanism (2.3). However, in duplex stainless steel, 
the transformation has been proposed to occur by two other 
mechanisms. One of these is nucleation and growth at high 
temperatures (600  ̂0-1200° C ) and the other is an a thermal 
martensitic process at low temperatures (300*0-650^0).
has a ls o  been observed (1 3 ) .  Therefore the presence of
these elements in duplex sta in less  s tee l  would probably
lower the temperature fo r  formation of £ -  f e r r i t e .
19.
These mechanisms have been reported by Southwick and 
Honeycombe (17 ) in their investigation of duplex stainless 
stee l.
The early stage of the £- fe r r ite  to austenite 
transformation has also been studied by Southwick and 
Honeycombe (17). They reported the develop ment of * 
Kurjumov - Sachs orientation re la tion sh ip ,^11̂  ^ jj j n o j ^  
and<Cl10>^ || ^11 , between the two phases with a
growth direction. The precipitation of austenite 
was reported to occur preferentia lly at dislocations. As 
ageing proceeded the precipitate nucleated at other sites 
was re-dissolved.
4.3 Sigma Phase (a*4)
Sigma phase was discovered by Bain and G-rifith (24) 
in 1927 but the name sigma was apparently given by Jette 
and Poote in 1936 (25). The early work on identification 
wa‘s carried out by magnetic and hardness measurement 
mostly using iron - chromium alloys. Early investigation 
using X-ray technique were not succesful. The reasons for 
the d iffic u lt ie s  have been summarised by Hall and Algie 
0.6) as;
11
( i )  The weakness of reflections from planes 
with large spacings and the closeness of 
bunching of powder lines at the largest 
spacings observed, rendered the powder 
pattern extremely d iffic u lt  to interprete 
in terms of a unit c e ll.
( i i )  For a long time a l l  the sigma phases krowr
20.
were of a type formed through a solid-state 
transtition  only, making i t  d if f ic u lt  to obtain 
single crystals of size convenient for single 
crystal X-ray photography” .
By 1954 as a result of research by three major groups, 
the iden tification  of sigma phase was established. These 
workers were Bergman and Shoemaker (5.7)* Kasper, Decker 
and Belanger (3L?) and Dinkins, Douglas and Taylor (35). 
Bergman and Shoemaker worked on a single crystal of iron- 
chromium sigma while Kasper, Decker and Belanger used 
sigma found in the cobalt-chromium system. The third group 
Dickins, Douglas and Taylor used both sigma phase from 
cobalt-chromium and iron-chromium alloys. The refined 
structural results from their studies confirmed that sigma 
is tetragonal with 30 atoms in the unit c e ll.
The study of sigma phase in many binary and ternary 
alloys has been investigated and reviewed by Hall and Algie 
( « ) .  As a f ir s t  approximation, the characteristic c/a 
ratio  is taken to be 0.523; the c value is approximately 
400pm and the a value is approximately 800 pm. However 
these values are known to vary with composition. Stuwe (30) 
studied sigma phase formed in both binary and ternary alloys 
and concluded that increase in silicon  concentration 
reduced the parameter and expanded the c parameter causing 
overall reduction in the volume of the unit c e ll.  Duwez 
and Baen (3l ) found that the parameter a in (Fe-Cr-ho)^ 
was expanded approximately following the molybdenum 




The la t t ic e  parameters and compositions of sigma
phases found in sta in less  stee ls  is  given in Table 2.
Latte* Parameter and Comperino* of Sigma Ptiaa* (Tetragonal Sfruttare)
Composition of phase
Lattice W t%
Reference Alloy parameter, À Fe Cr Ni Mo Si Formula
Hall and Algie Î Fe-Cr a .  =  8.799 
c, »  4.544
Fe-Cr
•
Fe-Mo a .  = 9.188 
c. »  4.812
Fe-Mo
Weigand and Doruk ( 17Cr*l lNi-2Mo-0.4Tl - 30 4.3 9 0.8
17Cr-l lNi-0.9Mo- 
0.5TI
— — 33 4.5 5.4 0.7
Weis* and Stickler ( ^ 4 ) Type 316 a .  =  8.28-8.38 
c. -  4.587-4.599
55 29 5 11 — (FeNi),(CrM o),
Blenldnsop and Nutting ("i5 )rype 316L a .  «  9.21
c. *  4.78
Piter and Kane (  3  ( f f  ) 20Cr-25-34Ni-6.5- a . =  8.87
8M 0
c. =  4.81 35/37 17/26 15/21 21/28 •
Moriey and Kirkby (3 7 ) 25Cr-20Ni — 40 46 9.4 — 3
-
'Approximate average compositions. Ranges observed as shown.
Another aspect of sigma phase which is relevant to the 
current investigation is the mechanism of formation of 
sigma phase from S- fe r r ite . The early work on the 
formation of sigma phase can be traced to the investigation 
by G-ilman et a l (f3 ) who suggested the sequence of phases 
to be This sequence was later questioned by Pa.yson
and Chang (36) and others who proposed the sequence of 
transformation was probably 5^ on the basis of
chemical compositions of these phases. However at a later 
stage this confussion was c la rified  by Kuo ( « )  who showed 
that sigma phase formed after austenite and that the 
transformation is governed by the diffusion rate and not 
due to concentration of alloying elements in the phases.
In addition Kuo concluded that sigma formed directly from
morphology of the sinma was either afe rr ite and the
2 2 .
network or a group of lamella depending upon the shape of
U s jW id n
untransformed 8 -  fe rrite  in turn was governed by theA
morphology of surrounding austenite.
The transformation sequence in duplex stainless steel 
is S t W r  as proposed by Gilman et a l  ( 13 ) and confirmed 
by Kuo. However other observations have been made "that 
sigma phase formed directly from ferrite  phase in a certain 
range of temperature in duplex stainless steel (39). This 
observation was further confirmed by Kirby and Morley (40) 
using Fe-18Cr-8Ni-3Mo duplex stainless steel. These 
transformations are reversible in iron -  chromium alloys 
and the process involved are nucleation and diffusional 
growth. It has also been reported the sigma phase 
preserves, after transformation, the form and the 
distribution of the in it ia l 5 -fe rrite  in the iron-chromium- 
nickel alloys (4 l ). Interestingly, it have been pointed 
out by Bergman and Shoemaker (17 ) that single grains of 
fe rrite  become single grains of sigma phase.
From a study of diffusion in the iron-chromium system, 
Goldschmidt (42.) proposed the process of transformation 
of 5 > ra s ;
( i )  f i l l in g  of defects in the fe rrite  structure,
( i i )  distortion of the lattice of fe rrite ,
( i i i )  segregation of atoms to regions richer and poorer 
in chromium, and fin a lly
(iv )  separation into region of sigma and fe rrite .
There is also evidence (43) that the difference in free
23.
energy between fe r r ite  and sigma was quite small even up 
to 1100 C. In addition i t  is known that there is sim ilarity 
in la ttice  construction for t h e a n d  transformation 
which, i t  has been suggested (4*1)» is a manifestation of 
a tendency for the body centred cubic structure to assume 
a closer packing. ^
In commercial a lloys, sigma occurs in susceptible
steels a fter prolonged time at temperature of approximately 
$ o
650 C to 900 G (10). I t  is well known that the presence 
of even a small amount of fe r r ite  formers in iron-chromium 
based alloys enhances the formation of sigma. These 
elements include molybdenum, tungsten, vanadium, titanium 
and niobium. Sigma phase is also capable of forming in 
Fe-Cr-Ni austenitic stainless steels which contains greater 
than M% of chromium. The tendency of sigma formation was 
found to be increased in the presence of a high 
concentration of chromium and molybdenum in fe r r it ic -  
austenitic stainless steels.
Evidently, known measurements of the la ttice  
parameters of sigma phase formed in duplex stainless 
steels were made by E llis  and Pollard (44) in 1970.
U tilis ing X-ray diffractometry and selected area electron 
d iffraction , the average values found were a = 891.8 pm 
and c = 464.8 pm. These values were compared with those 
for Fe-Cr alloys as published in the ASTM index which were 
a = 917 pm and c = 474 pm. The explaination given for the 
difference in the la ttice  parameters was that the sigma 
phase used for the study formed in a much shorter time
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compared to that refered to in the ASTM index data. Thus 
they iden tify  the crystal structure of sigma phase in 
duplex stainless steel as tetragonal with c:a ratio  of
0 . 56 2 . .!
The most recent studies on sigma phase precipitation 
have been published by Maehara et a l (18) in 1983. - They 
conducted a systematic study of the precipitation of sigma 
phase in a Fe-25Cr-7Ni-3Mo a lloy with an austenite-ferrite 
duplex structure. From their study, the time-temperature- 
precipitation diagram was established to be C-curve. The 
morphologies of sigma was consistent with nucleation on 
the ferrite-austen ite interface and growth into the 
fe r r it ic  grains by a eutectoid type reaction ,
The precipitation of sigma was accompanied by an increase 
in hardness but also a marked decrease in impact values
and hot d u ctility . The precipitation range was 700̂ 0 to
* o
900 C with the nose of the C-curve at 830 C.
Identification  of sigma phase was made using X-ray
d iffraction  supported by optical metallography of specimens
e lec tro ly tica lly  etched in KOH solution.
4.4 Carbide Precipitation.
In the presence of carbon in Fe-Cr-Ni alloys, i t  is 
expected that some carbide precipitation may occur during 
transformation of &-fe r r ite  to other phases. However, in 
most stainless steels, carbon is not generally prefered 
as the formation of chromium carbide in the a lloy is known 
to be detrimental to the corrosion resistance. Therefore 
in some alloys it  is necessary to add other stronger carbide
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formers resulting in d ifferen t types of carbides precipitated 
preferentia lly  to the chromium carbide* The stabilisers 
added include titanium (^5), niobium (4-6), and vanadium (+7).
In austenitic stainless steels, the carbon content may 
be as high as 0*15# (48)* The solid so lub ility  of carbon 
in Fe-18Cr-1 ONi shown in Pig. 8 (a ), indicates that „at 
annealing temperatures of about 1000°C or above, substantial 
amounts of carbon can be dissolved into the austenite* Fig.
8 (b) shows data over a wider carbon range which also 
incorporates the e ffect of nickel. Two types of carbides 
are indicated in the diagram, C& and MTC3 . I t  should 
be noted that the presence of nickel alters the shape of 
the solvus surface.
The carbide precipitation phenomena in stainless steels 
are of great significance. This is so because, in practice, 
stainless steels cannot be cooled rapidly a fter annealing, 
and also some of these alloys are exposed to elevated 
temperatures, during their service l i f e .  Under both 
situations precipitation of carbides may occur. However in 
general, duplex stainless steels contain a. very low 
concentration of carbon and therefore only precipitation 
of Cq is relevant to the present work.
4.41 carbide.
In the absence of any strong carbide forming elements
carbide w ill be the main carbide formed. However i f  
strong carbide formers are present, the resulting carbides 
w il l  be a combination of the and others. is
fundamentally chromium carbide, so that the designation 
Cr^ is frequently used. Other elements can partia lly
26.
CARBON, %  
(a)
(b )
P i g .  8 ( a )  and (b )  Diagrams showing s o l id  s o lu b i l i t y
o f  carbon in  Pe-Cr-N i a l l o y s . ( a )  S o lu b i l i t y  in
18Cr-1 ONi ( 4 ? ) ,  ( b )E f f e c t  o f  n ick e l  on Pe~18Cr (4$ ) .
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substitute fo r the chromium thus other nomenclature such 
as (Cr or (Cr pe Mo)^C^ is also applicable. Since
it  is the most general designation M^Cg, w ill be used in 
this thesis as a general description for the carbide 
precipitation.
In investigations of intergranular corrosion behaviour 
in relation  to precipitation of carbide, Cihal (5o) and 
Stick ler and Yinckier (51) found that the onset of 
intergranular attack did not correlate with the in itia tion  
of the precipitation. However, when carbide was present, 
there were some very general correlations of carbide 
morphology with intergranular corrosion attack as has been 
reviewed by Henthorne (51).
The precipitation of in the temperature range
500°C to 950°C (55) and the specific kinetics of 
precipitation is dependent on the chemistry of the a lloy, 
prior condition and precipitation s ite . The precipitation 
sites have been shown to be at the ferrite-austenite 
interfaces (19 ), on non coherent boundaries (54), on 
coherent twin boundaries (55) and grain boundaries ("54). 
Intergranular precipitation evidently occurs in alloys 
with higher carbon content (54).
The morphologies of precipitation appears to
vary with temperature as has been described for structures 
in type 304 stainless steel a fter exposure at temperatures 
between 550°C to 850°C for up to 6 days (5&). At the lowest 
precipitation temperature, the grain boundary carbide 
assumed a v irtu a lly  continuous thin sheetlike morphology
\ 0 O(5 i ) .  As the temperature was increased from 600 C to 700 C,
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the precipitates were described as feathery which formed 
in it ia l ly  at boundary intersections and grew from those 
locations (34). These morphologies introduced the greatest 
sensitiv ity  to the intergranular corrosion. At higher 
temperatures, the grain boundary carbides were discrete 
idiomorphic particles, with shape depending on the „ 
orientation of the boundary, the degree of m isfit and the 
particular temperature (54).
The la ttice  parameter of , which - has face .
centred cubic structure, is generally taken to be about 
three times that of austenite (55). The unit c e ll contains
92 metal atoms and 24 carbon atoms . Several values of the
la ttice parameter in various a lloy types are given in
Table 3.
Table 3
la ttice Parameters of Carbide
References Alloy Type Lattice larameter 
in pm.
Lewis and 
Hattersley (54) Fe-Ni-Cr 1061.5
Goldschmidt (40*) Fe-Ni-Cr 1063.8
Da Casa et a l (57) Fe-Ni-Cr 1063-1062
Williams and 
Talks (59 ) Fe-Ni-Cr 1063-1064
Kautz and 
Gerlach (5̂  ) Fe-Ni-Cr-ko 1068




Honeycombe ( i<f )
Fe-Ni-Cr-Mo 1065
2 9 .
The lattice  parameter was found to increase with ageing 
in 316 stainless steel and high carbon alloys. Also, in 
Fe-Cr-Ni-Mo alloys the parameter appears to be related to 
the concentration of molybdenum«
4.42 Carbides in duplex ferritic-au sten itic  stainless 
s tee ls .
The existence of carbides in duplex stainless
steels has been reported by several workers (tty?). Although 
the carbon concentration in these steels is very low, the 
variation with temperature of the so lub ility  of carbon in 
Fe - 18Cr steels (4*?) and in 18Cr - 10Ni steels (4-8), 
indicates that precipitation of carbide can take place at 
any temperature below 950*0. The lower the annealing 
temperature the larger should be the amount of carbide 
that forms. The rate of precipitation of the (Cr,Fe,Mo) Cfe 
carbide w ill depend upon the rate of diffusion of chromium 
and molybdenum because the rate of diffusion of carbon is 
high. Additionally the formation of austenite in fe rr ite  
w il l  enrich the surrounding fe rr ite  in chromium and 
molybdenum and the formation of carbide particles at this 
interface w ill therefore be fa c ilita ted .
Nucléation and growth of particles at a moving
interface has infact been observed in duplex fe r r it ic -  
austenitic stainless steels as the growth of austenite 
progressed (19). The same investigators also observed that 
the particles were widely spaced so that when the
boundary moved the particles were le f t  within the austenite
matrix.
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Chemical analyses of M^C^ using scanning transmission 
electron microscope (STEM), Table 4* shows variation in 
composition depending upon heat treatment.
Table 4 . '
Chemical Analyses Of M^Cf, Using STEM. w
Heat Treatment
1300 C 10 min WQ 
700°C 60 min WQ
1300°C 10 min WQ
1000°C 30 min WQ 
700°C 15 min WQ
1300*0 10 min WQ 
700*0 200 min WQ
1300*0 10 min WQ
800*0 30 min WQ
1300 C 10 min WQ 
800*0 200 min WQ
4.5 Precipitation Of Other Phases And Intermetallic 
Compounds.
. Precipitation of phases such as chi-phase (7C ) ,  Laves 
phase (n - )  and the carbides C& and MÔ  have not 
apparently been reported in any of the l i t ra ture  relevant 
to duplex stain less s tee ls .  However in a study of 
isothermally aged 316 stainless stee ls  containing molybdenum 
the presence of such phases and other intermetall ic 
compounds has been reported (34)« The crystallograhic data
Composition %
Or Ni Mo Fe
58 2 3 37
45 1 .5 2.5 51
65 2 3.5 29
60 2 3 35
68 2 4 26
and the relevant a lloy  system is given in Tables 5 and 6.
Chi-phase has a body centred o( -Mn structure while the 
laves phase has a hexagonal structure. The main difference 
in composition of these phases, compared with sigma phase, 
is the much higher concentration of molybdenum.
Table 5♦ *








Cr Ni Mo Formula
Kasper (.(tfC) 56Fe-17Cr-27Mo 8.920
Koh (fe n 67Fe-23Cr-10Mo 8.89 62 17 18
Type 317* 58 25 4 10
Kautz and Gerlach 16Cr-16Ni-2Mo 8.862 (FeN i)„C rlsMo,
Weiss and Stickler Type 316 8.878 52 21 5 22
•Residue analyses, said to be “mostly” chi, balance sigma.
Table 6.
Structure And Composition Of laves Phase (hexagonal 
Structure).
Composition of phase
Lattice In w t %
Reference Alloy parameter, A Fe Ni Cr Mo Formula
Bechtoldt and Vachei Cfev") 




a« = 4.744 
c0 = 7.257





46 4 3-6 44
Type 316 a« = 4.73 
c„ = 7.72
38 6 11 45
Cihal and Jezek CC/20 • 18%Cr a« = 4.824
9%Ni
2%Cb
c0 = 7.855 — —
The morphology of the chi-phase partic les has been 
described as varying from rod-shaped to globular-rrassive 
part ic les  s imilar in appearance to sigma (34)• Chi-phase 
is believed to be a carbon-dissolving compound which behaves
either as an intermetallic compound or as a carbide of the 
type M^C and is known to occur usually in association 
with sigma phase in many transition metal systems.
laves phase has been identified  as a minor constituenti
in several molybdenum containing stainless steels ( 34^ ( 3).
The composition of Laves phase in molybdenum containing
alloys was reported (62.) to be Fe^ Ko with la ttice  parameters
a • 474.4 pm and c = 772.5 pm. The main reason for the
existance of the laves phase is thought to be purely
geometrical. Thier et a l (64) believed that Laves phase has
no so lub ility  for carbon but this has been auestioned by
Wiegand and Doruk (65*). In 316 and 316L stainless steels
0Laves phase was found (34) to exist below 815 C as 
precipitates, within the matrix, of equiaxed particles or 





5.1 Isothermal Transformation Diagram (IT ).
In any diffusional type of ^transformation the progress 
of isothermal transformation at temperatures below some 
c r it ic a l temperature is represented by a C-curve as shown 
in Fig. 9. This diagram is known as Isothermal 
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Fig-. 9. IT -  Diagram for  d i f fus iona l  type of 
transformation.
The nucléation and growth process in d if fusional 
transformation determines the volume fract ion of the product 
formed at any temperature a f te r  any time. The temperature 
dependence of the rates of nucléation and d if fusion provide 
the explaination for  the C-shape of the curve. At high 
temperatures, the small dif ferences between the- equilibrium
3 4.
temperature, and the actual temperature, Tj| , provides 
only a low driving energy fo r nucléation. However the rate 
o f d iffusion is high at this high temperatures. Therefore 
"kk© transformation process would be expected to he sldw 
because of the low nucléation rate. .
At low temperatures, T̂  , the large difference *in 
temperature, Tg, - T^, provides a high driving force and 
therefore the nucléation rate is expected to be high. 
However at the low temperature the rate of d iffu s ional 
growth w il l  be low. Therefore the transformation w ill be 
slow because of the low grow rate.
At intermediate temperatures, T̂  , the temperature 
difference is moderate, resulting moderate driving force
A
fo r nucléation. The diffusion rate w ill  be moderate also 
and w ill  result in moderate growth rate. The combined 
e ffects  of moderate nucléation and growth rate provides a 
high rate of transformation.
. The IT diagram is frequently used for interpretation 
of the structure of steels containing diffusional 
transformation products. I t  is well known that the 
condition for isothermal transformation were f ir s t  defined 
by Davenport and Bain (£b) and later modified by Cohen (6~f) 
by inclusion of the concept of the Ks and Mf temperatures. 
Subsequently IT diagrams showing the time required for 
transformation to commence and to fin ish  as a function of 
time and temperature were obtained for a wide range of 
steels . In general, the earlier IT diagrams did not 
identify the transformation products and lead to problems 
of interpretation of the structures. It  was later realised
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that i t  is  necessary to include in the IT diagrams a 
separate C-curve fo r each individual product which forms 
during cooling from a common parent structure. This can 
best be illu stra ted  by the formation of pearlite , upper 
bain ite , lower bainite from austenite in a plain carbon 
eutechtoid stee l (68 ). ,
Thus a l l  these concepts and conditions could be 
applied -to any study of isothermal transformation of any 
d iffu s ion a l products and w i l l  be applied to the present 
work on duplex stain less stee l.
5«2 Isothermal Transformation In Duplex P e rr it ic -  
Austenitic Stainless Steels.
The importance of temperature as available in studies 
of the k in e tic .o f transformation has been described in the 
previous section. IT diagrams are a useful method of 
displaying the e ffe c t  of temperature on a particular 
re’action in any a llo y . The time to start and to complete 
a reaction and also to form various fractions of product 
can be represented usually on a logarithmic scale as a 
function of temperature. The nose of the C-curve represents 
the minimum incubation time and the maximum ve loc ity  of 
the reaction.
The kinetics of transformation of austenite from 
fe r r it e  in duplex stainless steels has been investigated 
by Southwick and Honeycombe ( 1 7 ) .  The composition of the 
a llo y  used fo r  their work is given in Table 7. They 
followed isothermal transformation at temperature in the
0 0 . K
range 1200 C- 650 G fo r periods up to 10 sec. and the IT
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diagram determined from their resu lt shows the nose of the 
C-curve to be at approximately 800°C. The shortest time 
to obtain 5 % volume fraction  was 30 sec'. and to maximum 
volume fraction  of austenite formed was found to be 0,45 
at 800 °C.
%
Table 7. Composition of A lloys used in Isothermal Studies 
Reference Chemical Composition
Southwick ;and
(V Ni AAo St C C»* W W
Honeycombe O'» )
to o-7 0  6 o -o s  - - ~
Maehara et al (ig ) O&l £•(>4 jt-Qfe 044 0-4« 0-OX 0-44 071 0-52
An IT diagram showing sigma phase formation in a 
duplex stain less s te e l was determined by Maehara et a l (10 ). 
The composition of the a llo y  used in their work is also 
given in Table 7. Their resu lt shows that the nose of the 
C-curve is  at approximately 820° C and shortest time to 
obtain 0.025 volume frac tion  was 35 mins.
5.3 Objectives.
Further understanding of the morphologies and kinetics 
of the formation of austenite and sigma phase is very 
important as such informations could be used in controlling 
the properties through structural control . Duplex 
stain less s te e l generally comprising 50:50 or 60:40 of 
fe r r it e  and austenite phases respective ly  provide the best 
combination of properties ( [0) ,  The formation of sigma 
phase in th is type of stainless s tee l can occur within a
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minutes at appropriate temperature and is detrimental 
production processes as well as performance in application. 
The heat a ffected  zone of any weld in this type of material 
w i l l  he subjected to brittlenes^ and corrosion fa ilu re  due 
to the presence of sigma phase.
Even though two studies of the morphologies and 
kinetics of formation of austenite and sigma phases have 
been made previously, a much more detailed analysis is 
required using alloys of d ifferen t composition and 
transformed under d iffe ren t conditions. Among the 
information that is expected from such further work are 
the fo llow ing.
1 . I t  has been found that properties are affected by 
the re la tive  volume fractions of austenite and 
fe r r ite  present in it ia l ly ,  by deformation and by 
the temperature and time of annealing.
Information obtained from isothermal studies using 
• various a lloy  compositions could be used to
predict performance under continuous cooling 
conditions.
2. The morphologies and kinetics of both austenite
and sigma phase formation could be presented on a
single IT diagram fo r one a lloy  composition, 
a
Evidently such diagram is not available fo r any
A
duplex stainless s tee l.
3. Understanding of sigma phase, the morphologies 
kinetics of reaction and crystallographic 
properties is lacking. In their conclusion, Kali 
and A lgie (Vo) who have reviewed the sigma phase,
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suggest that further work on sigma phase is 
necessary,
4. Southwick and Honeycombe (17) in their papers made
the proposal that transformation very
sim ilar to the proeutechtoid transformation
%
in low carbon s tee l. Information supporting their 
proposals would be most valuable.





The material used fo r the investigation was a 
commercially hot-rolled plate of Sandvik 3RE60 approximate­
ly  14 mm thick. This material is a fe rr itic -au sten itic  
stain less s tee l with a very low carbon concentration and 
conforms to ASTM A669* Its  characteristics are (Cfl)s
( i )  high resistance to stress corrosion cracking,
( i i )  good resistance to general corrosion and p itting ,
( i i i )  high mechanical strength (about twice the yield  
strength of austenitic grade),
( i v )  good resistance to fa tigue, and
(v ) good w eldability.
The material is  available in tube, pipe, bar, strip , 
and can be used fo r forming process such as bending, deep 
drawing and blanking. Applications of the steel have been 
made in the pulp industry, o i l  re finaries and petro­
chemical industry.
The chemical composition of this a lloy  is shown in 
Table 8 and the equivalent chromium and nickel contents 
calculated using formulae ( i )  and ( i i )  below and the nominal 
analysis were 22.85% Cr and 6.63% Ni. For formula ( i i i )  
the Cr Equivalent is 24.9%, the main difference being the 
co e ffic ien t used fo r molybdenum.
( i )  Ni equivalent (14) = Ni +0.5 Mn + 30 C +25 N.
( i i )  Cr equivalent ( )  = Cr + Mo +1.5 Si
( i i i )  Cr equivalent (|4) = Cr + 1.5 Mo + 2.0 Si
40.
The Ni and both the Cr equivalent values were used 
together with the phase equilibrivmdiagrams for estimating 
the types of precipitation or phases that may be present 
on cooling from solution treatment. F ig. 10 shows various 
Cr-Ni-Mo ternary sections of a quarternary Fe-Cr-Ni-.Mo 
a lloy  containing 70# Fe. *
Table 8 .
Chemical Composition of Sandvik 3RF60
Elements Nominal Analysis
Weight % Weight %
C 0.03 max. 0.03
Si . 1 .7 1.40
Fin 1.5 1.55
P 0.03 max. 0.024
S 0.03 max. 0.009
Cr 18.5 max. 18.05
Ni 4.9 4.95
Mo C"-•CvJ ro •
41
30 Cr 30 Cr
30 Cr 30 Cr
Pig, 10 Phase equilibrium for high-purity 
Pe-ur-Ni-ko alloys containing 70 % iron (£>2,).
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6.2 Heat Treatment
Specimens 9 mm x 5 mm x 3 mm were prepared for „.«• 
isothermal heat treatment shown schematically in the 
diagram Pig. 11. .
Pig«  11 Schematic diagram showing the 
process of heat treatment.
The dimensions of the specimens were kept approximately 
constant to minimise any size e f f e c t  during heat treatment. 
Solution treatments were performed in a standard tube 
furnace at 1250 C for  15 mins. The furnace was continuously 
purged with argon gas to prevent surface oxidation. This 
treatment was found to be su f f ic ien t  to produce a fu l l y  
equiaxed f e r r i t i c  structure in quenched specimens.
Isothermal treatments in the temperature range 1100°G 
to 6006C over holding times of 10 to 10^ secs.,are shown in 
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F ig ,  12 Distribution of treated specimens.
Isothermal treatments on samples indicated by symbol (o )  
were carried out by d irect  quenching from 1250*G to the 
appropriate temperature of molten salt and holding fo r  
various times. The salt  used fo r  the work had an operating 
range of 500 G to 900 C, With this restra int the other 
specimens, which were held at 1000° G, 1100*0 and for  long 
terms at lower temperatures were treated in a tube furnace 
which was purged continuously with argon gas«
On completion of isothermal treatment a l l  specimens 
were quenched in water and prepared for  metallographic 
examinations.
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6.3 Light Optical Metallography
6.31 Polishing and etching.
A l l  the specimens for optical microscopical studies 
were mounted on bakelite and mechanically polished to a 1 /\xpk 
diamond fin ish* An aqueous 10# copper sulphate solution was 
used for e lec tro ly tic  etching. This reagent attacked the 
austen ite-ferrite interface thereby revealing the austenite 
phase. However the reagent did not reveal the sigma phase. 
A l l  qualitative and quantitative studies on the austenite 
precipitation were made using specimens prepared in this way.
The same specimens were repolished and reetched in a 
d ifferen t manner to reveal the sigma phase and possible 
carbide precipitate. A two stage process using two different 
reagents was. found to produce the best contrast for the 
sigma phase. The procedure developed was as follows.
1• The specimen was e lec tro ly tica lly  etched using 
aqueous 10# oxalic acid solution at 4 vo lt D.C.
' for 5 secs. This process revealed the sigma phase
but only fa in tly  revealed the austenite and the 
matrix fe r r ite . Longer etching times caused pitting 
of the sigma phase without further improvement 
in delineation of other phases.
2. The specimens, etched for  5 sec. in oxalic acid, 
were washed with methanol and e l e c t r o ly t i c a l l y  
etched a second time in aqueous 40# sodium 
hydroxide at 2 v o l t  D.C. fo r  20-3C sec. This 
process stained the sigma phase and etched the 
austenite and f e r r i t e  phases. I t  also darkened 
any carbide that were present. The colour of the
4 5 .
sigma phase varied with etching conditions and also 
from place to place within the specimen. The 
colour at the edge tended to be green followed 
inward toward the centr^ by yellow to brown and 
purple. I t  appears that this variation is due to 
the distribution of current density across *the 
specimen. However* the variation was not 
sign ificant in interpretation of the sigma phase
% because the morphology was very distinct and the 
reagent provide a very high contrast between the 
phases present.
6.32 Structural examination.
A fter polishing and etching, specimens were examined 
using a Leitz MK6 metallograph. Quantitative metallo-'■ 
graphic analyses using the standard point counting 
techniaue, due to Underwood (70), were carried out to 
measure the volume fractions of austenite, fe r r ite  and 
sigma phases. The mean fe rr ite  grain size was measured 
using the standard lin ea l intercept method (7 [).
The morphologies of the various structures formed in 
the heat treated specimens, Fig. 12, were identified and 
recorded photographically.
6.4 Scanning Electron Microscopy.
A Hitachi S-450 scanning electron microscope was used 
to study aspects of precipitation of the various phases.
At the same time X-ray Energy Dispersive Spectroscopy
was used to determine the chemical compositions of the
phases as w ell as chemical segregation at the interface 
of austenite and fe r r ite .
6.5 Transmission electron microscopy.
Specimens were specially prepared for isothermal 
treatment at temperatures and for times of particular 
in terest. A fter heat treatment the specimens were machined 
to 3mm dia. rods with part being retained for optical 
metallographic work i f  necessary. Thin slices were sawn 
from the rods and mechanically polished to less than 
0.15 mm thick. Further thinning was carried out using a 
struers je t polisher.
A reagent of 15% perchloric acid and 85% acetic acid 
at ambient temperature was found to be most suitable for 
polishing and thinning. The polishing conditions were 
50 vo lt , 0.5 amp. D .C . with low flow rate and approximate 
sen s itiv ity . The fo i ls  were examined in a JEOL 100 U 
transmission electron microscope as follows;
( i )  observations of early stages of precipitation 
of austenite and sigma phases,
( i i )  iden tification  of phases,
. ( i i i )  analyses of selected area d iffraction  patterns 
to provide crystallographic data, and
( iv )  observations of structures associated with
structural defects, distribution and morphologies 




Attempts were made to positively identify the sigma
phases by la ttic e  parameter measurements using X-ray
W e re
d iffraction  techniques. Two analyses conducted. In the
A
f ir s t ,  a needle specimen known to contain about 17 v.ol.% 
of sigma was examined in an 11.46 cm dia. powder camera 
using Co ^  radiation. In the second, heat treated powder 
from the same specimen was examined in a diffractometer 
using the same radiation.
6.7* Hardness measurements.
Hardness measurements were carried out on specimens 
distributed over the whole range of isothermal treatment 
conditions as shown in the Fig. 12. A Vickers hardness 
testing machine with 20 kg. load and 2̂ 3 » objective lens 
were used fo r this part of work.
7.0 RESUIZT AMD COMMENTS.
7.1 Solution treatment.
The in it ia l  structure of the Sandvik 3BE60 a lloy used
in this work is shown in the photomicrographs in Fig. 13.
-  d k ~




Solution treatment at a minimum temperature of 1250*C 
fo r 15 mins, was found to be su ffic ien t to.¡.produce a 
structure which was fu lly  6 -fe rr ite . The photomicrographj 
F ig . 14, shows the structure of 6 -fe rr ite  a fter quenching 
d irectly  from solution treatment into water;
7.2 Delta-Ferrite Structure.
The S- fe r r ite  retained on quenching from solution 
treatment to the isothermal treatment temperature had 
an equiaxed grain structure. This structure is 
characterised by clear grain boundary interfaces between 
adjacent grains. Similar boundaries were found in 
specimens which had been aged for short times. A fter 
longer times austenite precipitates began to decorate the 
boundaries but the equiaxed morphology of the former 
fe r r ite  grains was traceable in most of the specimens.
o
During isothermal treatment of specimens at 1100 G 
and 1000°C it  is possible that the fe r r it ic  grain size 
increased. Measurements of the grain sizes, (see Appendix 
1) representd as a function of time are shown in F ig .15. 
Clearly there is no significant correlation of grain size 
with either time or temperature; the mean fe rr ite  grain 
siz.e was 0.77- 0.15 mm.
48.
49.
(a )  Along r o l l in g  d irect ion .
tt>) Transverse to r o l l in g  d irect ion.
F ig ,  13 Photomicrographs showing the structure 
of Sandvik 3H.E60 in the received condition,X250
50.
P ig .  14 Photomicrograph showing the structure of 
6- f e r r i t e  a f t e r  quenching from 1250°C, etchant 
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Fig. 15 Diagram showing fe r r i t ic  grain size as a
function of time at 1100 C, 1000 C, 900 C# 800 C, 
700* C, and 600#C.
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7.3 Structures Formed by Isothermal (Transformation.
Formation of four d iffe ren t types of precipitates 
were observed during isothermal aging of the a lloy  under 
the conditions describe in section 6.2. The precipitates 
were : ’
( i )  austenite,
( i i )  sigma phase,
( i i i )  a dark etching structure - possible 
a*carbide' structure, and 
(iV ) an unknown precipitate observed at 
700*C a fte r  10^sec.
The morphology of each of these phases is described 
in sections 7.31, 7.32, 7.33, 7.42, 7.43, 7.44 and 7.46.
7.31 Austenite morphology.
Figs. 16 to 2i show the morphologies of austenite 
formed a fte r  isothermal treatments at various temperatures 
and times. It  was evident that the austenite formed 
in it ia l ly  as allotriomorphs at the fe r r it ic  grain 
boundaries. Subsequently Widmanstatten sideplates grew 
from the allotriomorphs and austenite precipitates 
nucleated within the grains to form Widmanstatten 
structure. Prolonged treatment resulted in the formation 
and growth of Widmanstatten sawteeth and intergranular 
p lates.
The fe r r it ic  grains of specimens aged from short 
times at a l l  temperatures contain. dark sports. These 
spots, shown for example in Fig. 16(b) did not appear 
to be related to subsequent precipitation of austenite
5 3 .
At 600 C, the in i t ia l  stage of precipitation occured
t
by grain boundary bulging followed by formation of 
allotriomorphs. I t  is interesting to note that the. 
formation of an allotriomorph often resulted in displace­
ment of the fe r r i t ic  grain boundary as shown in Pig. 16 
( d ). Allotriomorph formation was followed by development 
of Widmanstatten sideplates as shown in Pig. 16 (e ) and 
fin a lly  a fter long times by intro granular precipitation 
of austenite as shown in Pig. 16 ( f ) .  The photomicrograph 
in F ig. 16 ( f )  also shows that the fe r r ite  boundary has
been completely replaced by the austenitic Widmanstatten
0
structure. Clearly at 600 C even a fter very long ageing 
times, the amount of austenite that had formed was very 
small.
0 AAt 700 C and ageing times of less than 10 sec, the
_ o
morphology was s im ilar  to that formed at 600 C, F ig. 17 
(a )  - (d ) .  However, as shown in P ig .  17 ( e ) ,  the volume 
f ra c t io n  of int ra granular austenite, and the size of the 
plates formed a f t e r  long ageing times, are much greater 
than those at the lower temperature. The austenite c lea r ly  
has a Widmanstatten morphology although there may be other 
structures present a f t e r  long ageing times.
At 800°C, the transformation rate was high and 
Widmanstatten sawteeth were observed a f t e r  a treatment 
time of only 10 sec. P ig .  18 (a ) .  As the treatment time 
increased the sawteeth appeared to develop into a plate
within  the g ra ins and except to suggest they may have
been etching a'r t r a c t s  no expla nation to account fo r
th is  fea tu re  can be o ffe red .
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structure and growth of intergranular plates also took
place. Pigs. 18 (c ) ,  (d) and (e ) c learly  shows the
morphology of Widmanstatten structure.
At higher temperatures similar morphologies were
formed. The in it ia l  precipitation was found to be fastest
at 900 G as shown in the photomicrograph in Pig. 19 (a ).
At this temperature the austenite not only precipitates
in it ia l ly  at the fe r r it ic  boundaries but also within the
fe r r i t ic  grains. The size of the intra granular precipitates 
* was
formed in it ia l ly  comparable to those formed at 600^0 a fterA£
10 secs.
At 10006C, the in it ia l precipitation was rapid but
lim ited to the fe r r it ic  grain boundaries as shown in Fig.
20 (a ).  The Widmanstatten sawteeth grew inwards from the
boundary toward the centre of the fe r r it ic  grains. On the
other hand, the intra’granular plates grew outwards from
what appeared to be a common nucléation s ite to form a
rosette type structure as shown in Fig. 20 (b) - ( f ) .
0 0The growth rates at 1000 C and 1100 G were high as 
expected for diffusion controlled transformation. At 
these high temperatures the austenite plates grew both in 
length and width as shown in photomicrographs in Figs. 20 
and 21 .
On reading the equilibrium state at high temperature, 
the austenite plates and boundary structures tended to 
coarsen and to spheroidise. Photomicrographs Fig. 20 (e ) 
and ( f )  shows the intergranular structure tending towards 
spheroidal shapes as well as the boundary preci pUates, 
indicating the process of reduction in surface area.
55
The same a ffe c t were observed at 1100#C and are shown 
in the photomicrographs in F ig. 21 (d ) and (e ) .  The 
spheroidisation process has clearly  progressed s ign ifican t­
ly  a fte r  10^ secs, as indicated by the roundness of the 
austenite partic les.
From these observations i t  was clear that the formation 
of austenite had occured by nucléation and diffusional 
growth process producing structures that corellate well
A
with those described in Dube's morphological classification  
of proeutectoid fe r r ite  in low a lloy  steel
56
ÎFigs. 16 (a )  to ( f ) Photomicrographs showing morphologies
of austenite formed from f e r r i t e  as a function of time at
6 0 0 ’c, X160 .
(a ) 10 s e c .
(c ) 10 s e c .
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( d )  104 sec.
( e ) sec .
( f )  10G sec
F i g s .  17 ( a )  t o  ( e )  Pho tom ic rog raph s  showing m o rp h o lo g ie s
o f  a u s t e n i t e  fo rmed from  f e r r i t e  as a f u n c t i o n  o f  t im e
a t  7 0 0 ° C X 160.
(a ) 1.0 sec .
(b ) 1 0 1 sec .
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F i g s .  18 ( a )  t o  ( e )  Photomicrographs showing morpho log ies
o f  a u s t e n i t e  formed from f e r r i t e  as a fu n c t i o n  o f  t ime
a t  800*C X 160.
( a )  10 sec.
(b ) 10* sec .
(c ) 103 sec.
F i g s .  19 ( a )  t o  ( f )  Photomicrographs showing morphologies
o f  a u s t e n i t e  formed from f e r r i t e  as a fu n c t i o n  o f  t ime
a t  900* C X 160.
(a )  10 sec.
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(b ) 10 1 s e c .
(d ) 10 sec .
(0
( f )  10 sec.
F i g s .  20 ( a )  t o  ( f )  Ph o to m ic rog ra p h s  showing m orp h o lo g ie s
o f  a u s t e n i t e  fo rm ed f rom  f e r r i t e  as a f u n c t i o n  o f  t im e
a t  1000 *C X 160.
( a )  10 sec .
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( e )  10 sec.
S-S( f )  10 se c .
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P i g s .  21 ( a )  t o  ( e )  Photomicrographs showing morpho log ies
o f  a u s t e n i t e  formed from f e r r i t e  as a fu n c t i o n  o f  t ime
a t  1100*C X 160.
(a )  10 sec.
67.
( a )  10 sec.
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7.32 Sigma Morphology,
The appearence of sigma during isothermal ageing was 
observed at temperatures in the range 960°C to 7 0 0 ° C .
The transformation is  d iffusion  controlled and the 
morphology of the phase is as shown in Pigs, 26 to 31.
The nucleation of sigma was observed to take place 
at the interface between austenite and fe r r ite . The 
photomicrographs in P ig . 22 shows the early stages of 
sigma formation at 930 C. Nucleation always appeared to 
occur on random sites at both the austenite that had 
formed at fe r r it ic  boundaries and austenite within fe r r it ic  
gra ins.
A common feature of the austenite that formed at 
the fe r r i t ic  boundaries was the presence of small regions 
of entrapped fe r r i t e .  Such regions were also present in 
some austenite which had formed within the fe r r ite  grain, 
* ig .  23. These small regions of fe r r ite  were observed to 
read ily transform to sigma during ageing as shown in the 
photomicrograph in P ig . 24. I t  is quife obvious that the 
morphology of precipitated austenite determined the shape 
of the remaining fe r r it e  and therefore the morphology of 
sigma which formed from that fe r r it e .  This can be observed 
in specimens containing a large volume fraction  of 
austenite and approaching equilibrium conditions. This 
austenite, most #f which o rig in a lly  nucleated within the 
fe r r i t ic  grains, appeared to comprise an irregular shaped 
core from which had developed a series of Widmanstatten 
plates, P ig. 2 5 . The interfaces between the austenite and 
fe r r ite  around these irregular shaped cores were favourable 
nucleation sites fo r sigma as shown in Fig. 25 .
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(a ) A fter 1 hr 20 mins.
tt>) A fter 1 hr 40 mins.
Fig. 22 (a) to (c) Photomicrographs showing early
stages ( 1%) of sigma formation at 930 C*,X600.
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vF ig .  23 Photomicrograph showing entrapped 
f e r r i t e  in the intergranular austenite *,X6~00.
Such features were typ ica l  of those sigma part ic les  which
5
formed a f t e r  ageing fo r  10 secs, at temperatures of
o o
800 C to 900 C. The photomicrographs in F igs .  26, 27 and 
28 show the morphology of sigma which had formed during
*T Ip o
10 sec. and 10 sec. at 900 G. Under these conditions the 
growth of austenite was s u f f i c i e n t l y  rapid to have reached 
equil ibrium at 62 v o l .  %. As the volume f ra c t ion  of 
f e r r i t e  was small, the transformation of f e r r i t e  to sigma 
phase occured in almost every f e r r i t i c  reg ion as shown in 
F ig .  28.
In a l l  cases sigma phase was formed at the austen ite-  
f e r r i t e  in ter face  and grew into and consumed the f e r r i t e  
as shown c le a r ly  in F ig .  29. No instances of growth of 
sigma into the austenite were observed. I t  is therefore 
concluded that the sigma phase is formed d i r e c t l y  from
f e r r i t e  .
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F ig .24 Photomicrograph showing formation of 
sigma in entrapped fe r r ite  jX600.
Fig. 25 Photomicrograph showing sigma
p rec ip i ta t ion  favouring the s i te s  around the
ir regu la r  shaped core of the austenite;
.  © „ £isothermally  treated at SCO C fo r  10 sec . ;
X 000.
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F ig .  26 Photomicrograph showing formation of
sigma around austenite which had formed at
5 o
f e r r i t i c  boundaries during 10 sec. at 900 C; 
X600.
P ig .  27 Photomicrograph showing formation of 
sigma around intergranular austenite during 
1O^sec. at 900 C; X 600.
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P ig .  28 Photomicrographs showing sigma
growing and consuming f e r r i t e  during 
o
10 sec. at 900 G; X 600.
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F ig .  29 Photomicrograph showing formation of 
sigma at austen ite—f e r r i t e  in ter face  and growth 
into the f e r r i t e .  Also shown is  the multi-grained 
structure of  sigma with tendency to equiaxed grain 
shape; X 900.
. Even though the morphology o f  the sigma phase is 
governed by the f e r r i t e ,  multi-grained sigma was observed 
to form in specimens treated at 900*0 f o r  J\0C’ secs. Grain 
boundaries with in the sigma phase are shown in photomicro­
graphs in F igs .  28 and 29.
o
At 700 C, the sigma morphology, shown in F igs .  30
iS* SMfVuUr
and 31, to that described fo r  higher temperatures. However
A
the s izes  of the sigma phase pa r t ic les  were r e l a t i v l y  less 
which is consistant with the reduced growth rate at lower 
temperatures.
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F ig .  3 0  Photomicrograph showing sigma 
d is t r ib u t io n  around boundary austenite 
formed during 10&sec. at 700*0; X 600.
F ig .  31 Photomicrograph showing sigma 
d is t r ib u t io n  around intergranular austenite 
formed during 10^sec. at 700°C; X 600.
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7.33 Dark etching structure.
A dark etching structure in the austenite in this 
a llo y  was f i r s t /vby Jones (71 ) during isothermal ageing 
at 900 C fo r 1 hr. The morphology of the structure was 
described as * fibrous,thread like " and is shown in 
Figs. 32. .
Examination of the structure using scanning electron  
microscopy revealed the morphology shown in Fig. 3.3 # 
Attemps to obtain compositional analyses for the structure 
were not succesful as the scale of the structural details  
were too small.
An investigation of the growth and distribution of
the dark etching structure was made using specimens that
had been isothermally treated at temperatures between 
0 0
600 C to 11 00 C. It appeared that formation of the
9
structure1occured over temperature, in the range of 800 C 
0
to 1000 C. This structure c learly  formed in the austenite 
which had formed both at the fe r r i t ic  grain boundaries 
and within the fe r r i t ic  grains. The structure appeared to 
precede the formation of sigma phase and coexistence of 
both the dark etching structure and the sigma has been 
observed. The photomicrograph in F ig. 34 shows the 
d istribu tion  of the dark etching structure at 800*C a fter 
1O^sec .
The growth morphology of the dark etching structure
o
was studied using specimens that had been aged at 830 C 
and 930 C. The photomicrographs in Figs. 35 and 36 show
0
the structure present afterisothermal treatments at 830 C 
2. 3fo r  10 sec. and 10 sec. Similar structures were present
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in specimen aged fo r  10 sec. at the same temperature 
o
and at 930 C fo r about 1 hour 20 mins. The precipitation 
occured s t r ic t ly  within the austenite as evident in 
photomicrograph in F ig . 32> and the electron micrographs 
in F ig . 33. C learly the entrapped fe r r ite  remains 
untransformed even though completely surrounded by.the 
dark etching structure.
F ig .  32. Photomicrographs showing dark-etching 





Fig. 33. Scanning electron micrographs showing
the dark etching structure formed during 10 sec.
at 830°C; (a) X 3 .UK, (b) X 6.28K.
79
F ig .  34. Photomicrograph showing d is tr ibu t ion  
o f  dark etching structure in specimen isothermally 
treated  at 800 C a f t e r  10 sec.
Fig. 35. Photomicrograph showing dark-etching
structure within austenite formed during 10 sec.
at 830*0. X 1200
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F ig .  36. Photomicrograph showing dark-etching 
structure within austenite formed during 10 sec. 
a t  830*C; X 1200.
7.4 E lectron Metallography.
E lectron  microscopic observations were made on .
specimens isothermally treated at temperatures between 
o o
700 G to 1200 C. Specimens treated fo r  short times were 
used f o r  study of the ear ly  stages of p rec ip i ta t ion  of 
austenite  and those treated fo r  long times were used fo r  
i d e n t i f i c a t i o n  o f sigma phase. Simultaneous observations 
of  other types of structures, f o r  example, the dark etching 
structure and possibly other phases not observable by l ig h t  
metallography, were a lso  made. These studies were 
necessary to support the l ig h t  op t ica l  metallography and 
to gain further  information about structures that could be 
reso lved  only by e lec tron  metallography.
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7.41 Structœte formed at 600PC.
No observation were made on the transmission electron 
microscope using specimens treated at this temperature.
7.42 Structures formed at 700°C.
A fter transformation at 700°C fo r 2 mins, austenitic 
regions of varying sizes had formed from the fe r r it e .  The 
largest precipitates were those which formed as boundary 
allotriomorph shown in F ig . 37* A few isolated austenitic 
grains comparable in size with those formed at the 
boundaries were also observed as shown in F ig. 38. Some 
precipitates obviously formed with a coherent interface 
as indicated by the associated e lastic  strain fie ld  shown 
in F ig. 39,
Nucléation of the precipitate seemed to occur 
p referen tia lly  at dislocation lines as individual particles 
as shown in F igs. 40 and 41. These small particles were 
presumed to be austenite as the larger prismatic particles 
such as shown in F ig . 38 were identified  as austenite.
The small particles appeared to quickly developed into 
short thick plates and as ageing progressed, increases in 
length were notably more rapid then increases of thickness 
as shown in Figs. 40 and 41. Single plates appeared to 
overlap other adjacent plates resulting in the structure 
shown in Fig. 41 (b ). Additionally, some plates linked
together as shown in Fig. 42.
GAt  times of 10 secs. sigma phase was present in the 
fo i ls  and contained typ ical bend contours as shown in Fig.
43 . Electron micrographs in F ig. 44- show the presence of
82.
other phase in addition to austenite, fe r r ite  and sigma. 
These phases are present as very small precipitates and 
appear to have adopted a plate morphology. The precipitates 
appear to have formed within a l l  other phases present in 
the structure hut have not been thinned su ffic ien tly  fo r 
selected area d iffra c tion  and consequently the structure 
was not id en tified .
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F ig .  37. Composite e lectron  micrograph showing 
formation of austenite along a f e r r i t i c  boundary in 
a specimen aged at 700^C fo r  2 min.; X 3.2K.
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F ig .  38. Electron micrographs showing isolated 
p rec ip i ta tes  of austenite formed at 700*0 during 
2 mins; stacking fa u l t  contrast is present within 
the gra ins; X 3.8K.
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F ig ,  39. Electron micrograph showing coherent 
p rec ip ita te  of austenite with associated strain 
f i e l d  in specimen aged 2 min. at 700°C; X 3.2K.
F ig .  40. Electron micrograph showing formation of
austenite with plate morphology associated with
0




F ig .  41. Electron micrographs showing austenit ic  
plates formed on d is locat ions  in specimen aged at 
700°C fo r  2 mins.; (a ) X 12K (b) X 33K.
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£ ig .  42. Electron micrograph showing austenite 
p lates l ink ing together in specimen aged fo r  2 min. 
at 700°C; X 25K.
Fig. 43. Electron micrograph showing sigma phase




F ig. 44. Electron micrographs showing unidentif ied
o
prec ip ita tes  formed in specimens aged at 700 C fo r  
106 secs . ;  (a )  X 15K (b )  X 18K.
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7.43 Structures formed at SOÔ C.
A fter ageing at 800 C for 5 secs, the austenite
precipitates were coarser than those formed at 700° G
in 2 mins. The electron micrographs in Pig. 45 show
that the precipitates have a plate morphology.
Foils from specimens isothermally treated at 
o
800 C fo r 30 secs, shows large particles of austenite 
containing stacking fau lts as shown in P ig .46. Some 
' austenite formed along the fe r r ite  grain boundaries 
and grew with a Widmanstatten side plate morphology 
is shown in F ig. 47.
Precipitation of sigma phase was observed in
o n>nspecimens aged at 800 C fo r 10 secs. The formation
boundary
of sigma at the austen ite-ferrite is shown in Pig. 48.A
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l ' ig.45 Electron micrograph showing prec ip ita tes
o
of austenite aged a t  800 G fo r  5 secs.;X12K
F ig .  46 E lectrron micrograph showing austenite 
containing stacking fau lts  in specimen aged 
fo r  30 s e c s .a t  800 C; X 18K.
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-Fig. 47 E lectron micrograph showing Widmanstatten 
s idep late  morphology of austenite typ ica l  of that 
formed at f e r r i t i c  grain boundaries in specimen 
aged at 800 G fo r  103secs. ; X 4.9K.
F ig .  48 E lectron micrograph showing sigma phase
formation at an a u s te n i t e - fe r r i t e  inter face in
o 3.7
a specimen aged at 800 G fo r  10 sec . ;  X 6.2X
9 2 .
7.44 Structures formed at 900*C.
The electron micrographs in P ig. 49 to 51 show 
precip ita tion  of austenite in specimens aged at 900°C fo r 
times between 12 secs, and 1 hour. The morphology of the 
austenite precip itates is the same as that described, fo r 
lower temperatures, but most of the austenite particles 
are larger. The austenite grains contain large numbers of 
stacking fau lts as shown in election  micrograph P ig . 5G.
. F o ils  from specimens isothermally treated at 900*0 
fo r  1 hour contained very large plates of austenite as 
shown in P ig . 51 . This austenite also contained stacking 
fau lts and some twins. Sigma phase particles were also 
observed in the fo i ls  as shown in F ig. 52 . The 
morphology of the sigma corresponds well with that 
observed by optica l microscopy. Large numbers of stacking 
fau lt were also observed within the austenite around the 
sigma as shown in P ig . 52 (a ). These fau lts could be due 
to- strain  developed as the austenite boundary moved during 
the growth process.
The dark etching structure observed using ligh t 
microscopy, was also detected in this fo i ls  and was found 
to have precipitated at the austen ite-ferrite  interface.
As the austenite boundary moved forward these precipitates 
were le f t  within the austenite as strings of particles or 
plates as shown in the electron micrographs in Figs. 53 
and 54.
The fo i ls  obtained from specimens aged at 900°C for 
1 0  ̂secs, were used fo r the study of the structure of the
93 .
sigma phase. The shapes of. the sigma phase grains are 
consistant with those observed using optical microscopy» 
Several grains of sigma may be present at each site but 
the most usual is  one or two grains as shown in Fig. 55. 
A l l  sigma grains contained bend contours which are . 
d iffe ren t from the general bend contours of the f o i l  as 
shown in F ig. 56.
Each sigma grain appeared to comprise of a very large 
number of small regions about 30 j m .  in size. These 
regions can be associated with ordered domains in the 
structure and are shown in Fig. 57.
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F-ig. 49 Electron micrograph showing austenite
oprec ip i ta te  in specimen aged at 900 C fo r  
12 secs. ; X 8.3K.
Fig. 50 Electron micrograph showing austenite




F ig .  51 Electron micrographs showing morphology 




F ig .  52 Electron micrographs showing sigma phase 
p a r t ic le s  at the a u s te n i t e - fe r r i t e  inter face  in 
specimens aged at 900°C fo r  1 hr. ; (a )  X 12K;
(b )  X 8.3K.
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F ig .  53 Electron micrograph showing dark-etching 
structure in specimen aged at 90(f C f o r  1 h r . ;
X 8.3K.
Eig. 54 Electron micrograph showing dark-etching
structure in specimen aged at 900°C for 1 hr.;
X 1 OK.
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F ig ,  55. Electron micrograph showing multi-grain 
sigma phase in specimen aged at 900*0 fo r  10^ secs; 
X 25K.
Fig. 56. Electron micrograph showing band contours
in sigma and the surrounding matrix in specimen aged
at 900 C for 10^ secs.; X 3.8K.
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F ig «  57 E lectron micrograph showing the presence 
o f  small reg ion  within grain o f  sigma which can he 
associated with an ordered domain structure in 
specimen aged at 900°C fo r  10fe secs . ;  X 10K.
7.45. Structures formed at 10Q0°C.
No observation were made on the transmission e lectron 
microscope using specimens treated at th is temperature.
7.46. Structures formed at 1100°C.
The e le c t ron  micrographs in F ig .  58 show the ear ly
stage of p re c ip i ta t io n  of austenite in specimens aged at 
o
1100 C f o r  7 secs. Obviously, the nucleation rate was low 
and growth rate  was high. Sigma phase was not observed in 




F ig .  58. E lectron micrographs showing austenite 
p a r t i c le s  in specimen aged at 1100°C fo r  7 secs . ;  
( a )  X 7.2K; (b )  X 18K.
101 .
7.5. K inetics Of Transformation.
Measurements o f the volume fractions of austenite 
were made using specimens treated as described in section 
6 .2 . The measurements varied sigmoidally with time and 
were used to obtain a series of C-curves presented as on 
IT diagram (section  5 .1 ). *
From these resu lts i t  can be concluded that both 
austenite and sigma form by nucléation and d iffu siona l 
growth.
7.51. Austen ite.
The measured volume fractions of austenite (see 
Appendix 2 ) ,  represented graphically as a function of time 
at various temperatures are shown in F ig. 59. From these 
sigmoidal curves, estimates were made of the time required 
fo r  the transformation to start and to proceed to 0 .05,
0 . 1 , 0 .2 , 0.3, 0.4, 0.43, 0.5 and 0.6 of the lim iting 
volume frac tion  at each temperature. The relationship 
between these times and temperatures are the expected 
C-curve shown in F ig . 60. The broken lines represent 






















V o lu m e  F raction  vs Tim e
F ig .  59 'Diagram showing the volume f r a c t io n  o f austenite  
p rec ip i ta ted  as a function o f  time at various ageing temperatures.
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Time -Temperature-Transformation Diagram
F ig .  60 Diagram showing C-curve r e la t ion sh ip  between transformation
temperature and time required f o r  transformation of austenite  to
s ta r t  ( %)  and proceed up to 0.6 volume f r a c t io n .  The C-curve
«




The measured volume fractions of sigma were .
in su ffic ien t to "be represented as sigmoidal curves due to 
the d istribu tion  of specimens in the signs, forming region. 
However Table 9 shows the volume fraction  of sigma phase 
as measured fo r some temperatures and times.
Table 9*
The measured volume fractions of sigma phase 




10 4 10  ̂ 1 0 6
900° C 0.496 5.5% M%
800° C YES 15 % -
700* C NO YES YES
A C-curve fo r  the commencement of formation of the
sigma phase was then constructed on the basis of the data
given in the Table and is also shown in F ig. 60. The
occurance of sigma phase was c lea r ly  detected for
temperatures below 10005C and above 600 G. No sigma phase
o S-5
was detected in specimens treated at 1000 C for 10 secs.
0
At the low temperature range, specimen treated at 600 C 
fo r 1 0 * secs, have a dark etching austen ite-ferrite
interface but i t  could not be d e fin ite ly  accertained that
1 0 5.
sigma phase was present# Sigma phase was c learly  detected 
optica lly  in specimens aged at 700°G fo r 1 0 * secs.
The nose of the C-curve was determined using specimens 
treated fo r a close range of times and was found to occur 
at 860* C fo r a time of 103‘C'secs .
7.6 Hardness Measurement.
Hardness measurements were made on a l l  the specimens 
represented in F ig . 1*2. and the resu lts are presented in 
Appendix 3. A graphical representation of the resu lts is  
shown in F ig. 61 from which the following deductions can 
he drawn.
( i )  The fe r r ite  is harder then austenite as indicated
5
"by the decrease in hardness values at a l l
3
temperature up to the time of 10 secs.
( i i )  The sigma phase is harder then hoth fe r r ite  and 
. austenite which is indicated by the rise  in
hardness at 700° C to 900°C. The start of the 
inereament corresponds well with the C-curve 














General Hardness vs Time
1 10 102 103 104 105 io6
TIME, seconds
F ig ,  61 Diagram showing var ia t ions  o f  hardness with -Jime f o r  
various ageing temperatures.
106
7.7 Compositional Analyses (Wt?Q.
(i) General field.
Table 10 shows the measured concentration of various
elements in the a llo y  before and a fte r  heat treatment.
In general, the concentration of each element remained
%
approximately the same. The measured s ligh t variations 
may have actually  occured during the heat treatments or be 
due to the error in the analyses. An average concentration 
of 72.1 £ 2% Fe was found.
Table 10.
Concentration of various elements in the a lloy  
before and a fte r heat treatments; (A ) at 930° C 
fo r 80 min., ( b ) at 900° C fo r 105" secs., ( c ) at 
900°C fo r  10^ secs.
Element AsSupplied A B G
Fe 70.7 71.7 74.4 70.1
Cr 18.7 18.5 17.8 19.1
Ni 4.9 5.1 4.6 5.1
Mn 1 .5 1 .6 1 .5 1 .6
Mo 3.2 1 .8 1 .1 2.5
Si 1 .7 1 .3 0.6 1 .6
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(ii) The individual phases.
Table II shows the concentrations of various elements 
in the individual fe r r ite  ( 0̂ )» austenite ( and sigma 
( t )  phases.
Table 11 . •
%
Concentration of various elements in the specimens 
that had been heat treated; (A) at 930&C for 80 min. 




OC V OC <r r
Be 71.9 73.5 72.7 74.5 65.0 64.9
Or 19 .2 15.4 20.2 16 .1 25.2 25.0
Ni 4.3 7.4 3.5 6.2 3.1
r-•CM
. Mn 1 .2 1 .6 1.5 1 .8 1 .5 1.3
Mo 2 .0 1 .0 1 .4 0.8 4.3 5.0
Si 1 .4 1 .0 0.6 0.6 1 .0 1 .2
The fo llow ing observations were made on these resu lts , 
( i )  Austenite contain the highest concentration of Be 
followed by fe r r it e  and sigma. There was l i t t l e  
change in the concentration of Be in sigma phase 
during long treatment periods as shown by the result 
f or B and C .
( i i )  Sigma phase contained the highest concentration 
o f Cr.
( i i i )  The concentration of Ni was highest in austenite 
and in sigma phase appeared to decrease a fte r  
prolonged heat treatment. ’
( i v )  Mn seem to he evenly distributed between the phases. 
As an audtenite former, the concentration of Mn in 
fe r r it e  as shown fo r  specimen A and B. Sigma phase 
contained comparable concentrations of Mn as shown 
fo r  specimen B and C. However,that concentration 
appears to decrease during long holding times as 
shown fo r  specimen C.
(v )  Mo concentration in sigma phase was found to be 
highest and increased with prolonged heating. The 
concentration of Mo in austenite and fe r r ite  
decreased during isothermal treatment as shown fo r
• specimens A and B. This depletion of Mo must be
associated with the observed simultaneous increase 
in the concentration of Mo in the sigma phase.
( v i )  Si appeared to behave in a sim ilar manner to Mo 
over a long heating time, sigma phase appeared to 
have continuously gained Si as shown for specimen 
C. This value is comparable to the concentration 
of Si in the fe r r ite  phase in specimen A. However 
in specimen B the concentration oi Si decreased in 
both fe r r it e  and austenite phases compared with 
specimen A, which indicated segregation of Si had 
occuiTed during the treatment.
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In general the resu lts show that sigma phase contained 
a very high concentration of Cr, Mo and Si as a 
consequence o f partition ing of a lloy ing elements. The 
resu lt shown fo r  specimen (Table 11), w i l l  be used in 
conjunction with published data, (Table 2 ), to make•phase 
id en tifica tion  of the sigma phase. "
7.8. X-ray measurement.
* Powder X-ray d iffra c tion  patterns were obtained from 
a specimen aged at 900$C fo r J\Qb secs. The presence in 
such a specimen of 60 vol.% austenite, 17 vol.% sigma with 
the balance of fe r r it e  had been observed and measured by 
op tica l metallography. The X-ray measurements using Co Ko( 
rad iation  were made to id en tify  the phases present. The 
resu lt of the measurement is shown in Table 12.
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Table 12
X-ray d iffrac tion  analyses of pattern from specimen 
containing austenite, fe r r ite  and sigma.
Austenite.
e S in \ N v  Sin’iSK~ i r
A *•
2Æ
25.625 0.7870 -3 0.0623 358.36
30.00 0.250 4 0.0625 357.78
' 44.875 0.4978 8 0.0622 358.65
55.75 0.6833 11 0.0621 358.93
44-875 0.7450 12 0.0621 358.93
Ferrite
26.250 0.1956 2 0.0978 286.02
38.625 0.3897 4 0.0974 286.60
49.80 0.5834 6 0.0972 286.90
6 1 .875 0.7778 8 0.0972 286.90
■ Table 12 shows the data separated into two sets.
The f i r s t  set of resu lt p os itive ly  iden tify  face-centred 
cubic austenite with average la tt ic e  parameter a=358.53 pm. 
The second set p os itive ly  id en tify  body centred cubic 
fe r r it e  having average la tt ic e  parameter a=286.60 pm.
Although the specimens used in this work were known 
to contain 17% by volume of sigma phase, no lines 
corresponding to th is phase could be found in the patterns.
Attempts to obtain d iffra c tion  data fo r  sigma phase 
from heat treated powders using diffractom eter techniques 
were also unsuccessful.
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7.9 Selected Area D iffrac tion  (SAD) Patterns.
Examples o f SAD patterns obtained from fe r r it e  and 
austenite and austenite are shown in F igs. 62 and 63.
These patterns were indexed with appropriate hkl by 
comparing them with standard patterns fo r  cubic structures 
as published by Edington (73)*
F ig .  62 SAD pattern f o r  b .c .c  £ - f e r r i t e  having 
l a t t i c e  parameter a = i -TfHw. ; [ i  i3]
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F i g »  63 SAD pattern f o r  f . c . c  austenite  having 
l a t t i c e  parameter a= 353 w s  •
7.91 Sigma phase.
SAD patterns f o r  sigma phase were cons is ten t ly  indexed 
on the basis o f  a p r im it ive  te tragona l  structure with 
average l a t t i c e  parameters o f :
. a= 793.9 pm
e= 404.9 pm
The ch a ra c te r is t ic  r a t i o  c/a is thus 0.51 .
There was some uncertainty in indexing a few patterns 
f o r  which i t  was necessary to invoke double d i f f r a c t i o n .  
Table 13 l i s t  the values o f  a and c together with 
appropriate  zone ax is  f o r  a l l  the patterns analysed. A 
represen t ive  set o f  patterns, con s is ten t ly  indexed as 
p r im it iv e  te t ragon a l ,  are shown in F igs .  64 to 71. Detailed 
analyses o f  the patterns are provided in Appendix 4 (a )  
and ( b ) .
la tt ic e  parameters and zone axis fo r a l l  SAD 


















Average a = 793.9 pm. and
c = 404.9 pm.
* Necessary to invoke double d iffra c tion  
to index as tetragonal.
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♦--- 0--— »
64 D i f f r a c t io n  pattern of sigma phase from 
. o
specimen is©thermally t rea ted  at 900 C f o r
fc o  -
1 0  secs; £1 0 1 ]  zone a x is .
F ig .  65 D i f f r a c t i o n  pattern of sigma phase from 
specimen isothermally  trea ted  at 900° C fo r  
1 0  ̂S secs ; [ 0 0 1~J zone a x is .
•Fig. 6(5 D i f f r a c t i o n  pattern o f  sigma phase from 
specimen isotherm ally  t rea ted  at 900°G f o r  
10 secs; L 1 12 ]zone a x is .  ( * )  R e f le c t ion s  
ascribed to double d i f f r a c t i o n .
- F i g .  67 D i f f r a c t i o n  pattern o f sigma phase from
0
specimen isothermally  treated  at 900 C fo r  
10 * ’  secs; Q132"] zone a x is .  ( * )  R e f le c t ion s  
ascribed to double d i f f r a c t i o n .
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F ig .  68 D i f f r a c t io n  pattern o f sigma phase 
from specimen isotherm ally  treated at 900°C 
f o r  1 0 ^  secs; QOl'll zone ax is .
F ig .  69 D i f f r a c t io n  pattern of sigma phase
o
from specimen isothermally  treated at SCO C 
f o r  1 0 ?b secs; C0 0 1 ]  zone ax is .
1 1 8.
F ig .  70 D i f f r a c t i o n  pattern o f  sigma phase 
from specimen isothermally  treated  at 900°C 
f o r  105'g secs; [ ‘110"] zone a x is .
F ig .  71 D i f f r a c t io n  pattern o f sigma 
from specimen isothermally  treated at 




zone ax is .
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8.0 DISCUSSION.
8.1 Solution Treatment and Ferrite.
Solution treatment was carried out to dissolve a l l  
phases which were present in the supplied material and 
so form a single phase material, namely i - f e r r i t e .  Under 
conditions of heating to 1250°C fo r  at least 15 mins, the 
specimens were found to comprise a fu lly  equiaxed 6 - fe r r ite  
structure on quenching in water. Increase in holding time 
to one hour at 1250ttC did not cause exessive grain growth. 
Thus i t  is  not expected that any s ign ifican t variation  in 
f e r r i t i c  grain s ize would occur in the specimens used in 
the in vestiga tion . The equiaxed grain sizes of 6 - fe rr ite  
were measured and the average found to he 0.77 mm.
Phase id en tifica tion  of 6- fe r r it e  was made by 
d iffra c t io n  techniques. The value fo r the la tt ic e  parameter 
of b .c .c  structure obtained by X-ray d iffra c tion  was
286.6 pm. This value agrees w ell with the published value 
(7 3 ) which is  286.61 pm.
“8*.2 Austenite.
Nucleation and growth of austenite particles at 
S - fe r r ite  grain boundaries, precede the formation of the 
intergranular p a rtic les , and was confirmed by electron 
microscopy as shown in F ig . 57. The developement of 
austenite partic les  by transformation from the S"-ferrite 
was observed to occur by nucleation on dislocations 
probably as equiaxed partic le  at least p a rtia lly  
with the f e r r i t e .  The existence of the Kurdjumov-Sachs
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Orientation Relationship reported by Southwick and 
Honeycombe (IT) suggests that the strain  f ie ld s  evident in 
F ig . 39 may be due to forced e la s tic  coherence of the 
p a ra lle l planes fo r  which the atomic configuration are 
quite s im ila r. The coherent intragranular particles * 
developed into a plate morphology as seen in optica l 
microscopy, and confirmed by electron microscopy as shown 
in F igs . 39 to 42. Other plates commonly observed to 
develop and grow nearby coalesced, F ig .41 and 4 2 , to form 
the network of Widmenstatten plates as observed.
Further growth of the Widmanstatten plates occured
with prolonged heating to-the lim iting volume fraction .
h
Lengtwise growth of the plates was c lea r ly  observed at ' 
temperatures of 1000°C and 1100*C even~aft§r short heating 
times. This is consistent with the expected high growth 
rate at these temperatures. A fter very long heating--the 
austenite plates tended to coarsen and spherodise, thusA
reducing the surface area and in te r fa c ia l energy.
These observations showed that the austenite adopted 
Widmanstatten morphologies which corre lla te  well with those 
described in the Dube morphological c la ss ifica tion  of 
proeutectoid fe r r i t e  in low carbon steels (A l ) .  These 
observations had a lso been made previously by other workers 
).
The austenite phase was f i r s t  iden tified  
m etallographically by etching and microscopical examination. 
During the transmission microscopic studies the austenite 
partic les  could be recognised by the ir morphology and the 
in ternal structures such as stacking fau lts  and twins. In
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cases of uncertainty a selected area d iffrac tio n  pattern 
was used to identify  the austenite. Though there is  
l i t t l e  d ifference between the pattern from austenite and 
fe r r it e  certain  common orientations such as those with 
zone ax is  of [liil and [1 1 0 ^ could be used to distinguish  
them. Usually a combination of both morphology and 
d iffra c t io n  pattern provided positive iden tification .
The la tt ice  parameter of austenite by X—ray ..... 
measurement was 358.6 pm. These values agree well with 
the published data fo r Fe-austenite which is 358.52 pm.
8.21 Kinetics of transformation.
The k inetics o f transformation of austenite from 
fe r r i t e  are represented by the series of C-curves in F ig .
60. At each transformation temperature examined, the 
sigmoidal curves in F ig. 59 indicate the progress of 
transformation and show the lim iting volume fraction  of 
austenite that was formed. These volume fraction  are 
lis ted  in Table 13.
1 2 2.
Table 13. *
lim iting Volume Fractions of Austenite Formed 
at Various Transformation Temperature.
Temp. Time Vol. Fracti
11 00 °c 10 * secs. 30%
1OOO0C 410 secs. 43%
900°C 10 secs. 64%
800° C (> 10* secs.) ( 65%)
700‘ c * *
600°C * *
* data not obtained.
From the information in Table 13, it  is  evident that
there is  an increased lim iting volume fraction  and time
required to reach that lim it as the isothermal treatment
temperature is  decreased. At temperatures of 700°C and
lower, i t  was not possible to identify  the precise lim iting
volume fraction  of austenite that would form and could be
explained with reference to the two phase f ie ld  region
( 6 +# ) of the ternary phase equilibrium diagram. During
cooling from high temperature the a lloy  passed through
the two phase f ie ld  and at each temperature in this f ie ld  *
the equilibrium  condition w i l l  be reached when the weight 
fractions of S and *¡5 are those required by the lever ru le  
applied to the appropriate tie  line through the f ie ld  at 
that temperature. At high and low temperatures the 
equilibrium  was approached slowly at a rate dependent
mainly upon the low nucleation and low growth rates 
respectively.
The nose of the C-curve representing the start of
the transformation occurs at about 950°C and ageing time
4-.5 secs, using the f i r s t  observed appearance of
Widmanstatten side plates on the fe r r i t ic  grain boundary
as a c r ite rio n . A more convinient approach is  to use the
crite rion  of 0.025 v o l. fraction  of austenite by which
the nose of the C-curve was found to occur at 950*C a fte r
10 secs. The C-curves obtained using this a llo y  was
found to agree w ell with those obtained by Southwick and 
/ \ fheHoneycombe (17 ) using^alloy lis ted  in Table 7.
In general, the shape of the transformation curves 
are those fo r c la s s ic a l C-curve kinetics as described 
section 5.1. The transformation commences a fte r an 
incubation period and then proceeds at a temperature 
dependent ra te . The reaction velocity  is a maximum at
some intermediate temperature corresponding to the nose
’ _ 0 rof the C-curve. At 600 C the transformation occured very
slowly and appeared to have ceased at a temperature between
500°C and 6006C. The reaction velocity was low because of
n eg lig ib le  d iffu s io n a l growth rate consequent upon the
decreasing atomic d if fu s iv ity  with decreasing temperature.
8.3 Sigma Phase.
The morphology of sigma phase that formed during 
isothermal treatment was governed by the shape of the 
fe r r i t e  which in turn was controlled by the shape of 
precipitated austen ite. From the results given in section 
7.32, 7.43 and 7.44 i t  is c lear that sigma phase nucleates
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at the au sten ite -fe rr ite  interface at some stage during
formation of austenite. Growth of sigma and austenite
appeared to proceed simultaneously. However the growth
of sigma occured only into the fe r r ite  and only then
a fte r  very long isothermal treatment time. The sigma’ phase
%
may replace a l l  the fe r r ite  in a particu lar region either 
as a »in g le  grain or an aggregate of grains with tendency 
towards equiaxed shape.
'Energy dispersivespectroscopy showed that partitioning
of a lloy ing elements occured during the formation of the
sigma phase. Chromium and molybdenum partitioned to the
sigma possibly as a resu lt of re jection  of these elements
from the austenite into the fe r r i t e .  Enrichment of tile. *
fe rr ite -au sten ite  in terface with chromium and molybdenum 
probably provided conditions suitable fo r  the formation 
of sigma. On the other hand nickel and iron tended to 
d iffu se away from sigma region into both austenite and 
fe r r i t e .  Thus the f in a l analysis shows that sigma has the 
highest concentration of chromium and molybdenum, while 
austenite has the highest concentration of n ickel. A l l  
these observations suggest that sigma fotmation is '
d iffu s ion  controlled and that sigma phase forms d irec tly  
from fe r r i t e ,  (S-*£) . This conclusion  con flic ts  with the 
proposal by Gilman et a l  ( IS ) , la te r  confirmed by Kuo (21), 
that the sequence is V and that of Maehara et a l (18 )
which is S'-f S'* Y . However, the conclusion gives support 
to other proposals that sigma phase forms d irec tly  from 
fe r r it e  in a certain  range of temperature in duplex 
fe r r it ic -a u s ten it ic  sta in less steels  ( ?i/40) .
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The sigma phase was ten ta tive ly  id en tified  by op tica l 
metallography using the etching procedure described in 
section 6.31 • This id en tifica tion  was supported by the 
compositional analysis shown in table 11 whereAcompares 
favoura&Ly with published imf ormation- • Such data shows that 
sigma usually contains high chromium and molybdenum 
concentration. The d iffe r in g  magnitudes of the values may 
be due to the d ifference in composition of a lloys 
investigated or treatment conditions under which the sigma 
phase was found.
X-ray studies by both photographic and d iffractom etrie 
techniques fa ile d  to show the presence of sigma even though 
i t  was known that the specimen contained approximately 17 
v o l.  % o f the phase. The reason fo r  th is fa ilu re  could be 
the lim itation  of 300 watts in power rating of the tube, 
used fo r  both studies compared with at 1200 watt tube used 
by Maehara et a l ( I S ) .
The id en tifica tion  of sigma was f in a lly  made p os itive ly  
by using selected area d iffra c tion  by transmission electron 
microscopy. A large number of patterns were obtained and 
analysed to determine the crysta l structure and la tt ic e  
parameters of the phase. A set of representative patterns 
are shown in F igs. 64 to 71 and were consistently indexed 
as a prim itive tetragonal structure with average la tt ic e  
parameters of a= 793.9 pm. and £= 404.9 pm. Variations 
in these values, Table 13, were probably due to variations 
in the camera constant ( A L )  during large angle t i l t in g  of 
the stage with 30* and 45 ° holders used during the 
in vestiga tion .
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One d iff ic u lty  which arose during the analyses was 
the im possibility of indexing a l l  d i f f r a c t i o n  spots in a 
few of the patterns on the basis o f  prim it ive  tetragonal 
unit c e l l .  To index these patterns (eg. F ig .  66 and 67), 
on that basis it  was necessary to invoke a lternate  rows 
of spots as double d i f f r a c t i o n s .  However, the existence 
o f  the physica l condit ions which lead to double d i f f r a c t i o n  
could not be estab lished with c e r ta in ty .  An a l te rna t ive  
p o s s ib i l i t y  was that these part icu lar  patterns der^ived 
from an ordered domain structure in sigma. Pos it ive  
confirmation o f  the required structure to account fo r  the 
patterns could not be obtained.
However, in add it ion  to other reports (74)> ordering 
in the sigma was s trong ly  suggested by observations of a 
very  f in e  substructure, possibly domains 30 y>m in s ize ,
F ig .  72, during the in ves t iga t ion .  These structures were 
observed in both b r ight  and dark f i e l d  thereby el iminating 
the p o s s ib i l i t y  of the e f f e c t  being an etching a r te fa  c t .
F ig .  72. E lectron  micrograph showing substructure,
possib ly  domains, present in the sigma grains in a
0 c,
specimen aged at 900 C fo r  10 secs.;X73K,
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A characteristic o f the sign» phase was the presence 
o f bend contours, F ig . 55, which could be associated with - 
an e ffe c t  o f p lastic stra in . The formation of the 
tetragonal ordered domain structure may induce strain ' 
during isothermal treatment. These strains may have been 
released during thinning of the f o i l  and give r ise*to  
f o i l  bends as seen.
The accumulated evidence of morphology, chemical 
composition, condition of formation in re lation  to phase 
equilibrium and crystallographic measurements indicates 
that the observed structure such as shown in Figs. 22 to 
29, 52 , 55, 56 and 57, can be iden tified  as sigma phase 
with a prim itive tetragonal structure and the c/a of 0 .5 1 .
8.31 Kinetics of formation.
The commencement of formation of sigma phase during 
isothermal treatment is represented by the C-curve shown 
in Fig. 60. The diagram shows that the nucleation and 
growth of the sigma was very sluggish during the isothermal 
treatments investigated. The temperature range of 600°C 
to 1000°C over which sigma formed in this a lloy  is 
generally an agreement with the results obtained by Maehara 
et a l (18 ) who used duplex stainless stee l having 
composition shown in Table 7. The nose of the C-curve for 
sigma formation in 3R.E60 was observed at 860°C a fte r  
isothermal treatment fo r 10 ’ secs, foaehara et a l (18 )
o
observed the nose to be at 780 C a fte r  about 35 mins.
The d i f fe rence  in the two sets of resu lts  could be due to 
the d i f fe rence  in composition of the a l lo ys  compared to
128,
25% wt. in the alloy used by Maehara et al.
A furthermobservation made from the IT diagram in 
F ig . 60 is  that the sigma C-curve para lle ls  the austenite 
C—curve and occurs at approximately 0.55 vol.% of austenite. 
This observations strongly suggests that the partition ing 
o f a lloy ing  elements accompanying the formation o f *0.55 
v o l.  frac tion  o f austenite so changes the composition of 
the fe r r it e  that precip ita tion  from i t  of sigma becomes 
thermodynamically possible. Thus th is resu lt indicates 
that the formation of sigma phase is composition controlled. 
Analyses of partition ing of elements between the phases, 
Table 11 further suggests that the rate controlling 
processes are a combination of d iffu sion  . of Cr and Mo to 
the fe r r it e  and d iffu s ion  of Ni and Fe from fe r r it e  to 
austen ite.
8.4 Hardness measurement.
• I t  is  w ell known that sigma is a hard and b r it t le  
phase so that an increase in hardness has been used as a 
method of detecting the in it ia t io n  of sigma formation in 
iron-chromium a llo y s . Thus, with the intention of 
obtaining further support fo r  the work on the kinetics of 
sigma formation, hardness measurements were made and are 
presented in F ig . 61 .
These resu lts show that fe r r it e  is harder than 
austenite. This is  concluded from the hardness values for 
specimens aged at temperatures of 1000°G and higher.
Under these conditions the resu lts c lea r ly  indicate a 
decrease in hardness with progressive formation of
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austenite.
At 900®C down to 700 C a sim ilar decrease in hardness 
occured but only up to certa in  stage then the hardness 
increased again. The ageing time at which th is occured 
varied with the temperatures and corresponds w ell with the 
metall©graphically determined sigma start curve as shown 
in P ig . 73# This resu lt thus further confirmed the 
conditions leading to sigma formation during isothermal 
ageing a fte r  solution treatment.
Hardness values fo r  specimen aged at 600*0 were a l l  
high which is  expected as very l i t t l e  transformation to 
austenite occured at that temperature. However, there was 
an increase in hardness a fte r  about 1 0 * secs, which was 
not due to sigma but possibly to a dark etching structure 
which formed at the in terface of austenite and fe r r i t e ,  
P ig .16 ( f ) .  A lte rn a tive ly  the increase may have been 
associated with the unidentified phase noted in electron 
micrographs from specimens aged fo r  1 0 6 secs, at 700°C, 
F ig . 44.
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G e n e ra l H a rd n e ss  vs Time
F ig .  73. Diagrams o f  volume f r a c t io n  o f  austen ite
I . T .  curves and hardness v a r ia t io n  with time to
show the correspondence o f  increase in hardness
with the commencement o f  formation o f  sigma phase
3 -bformation a t  time o f  10 secs.
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8.5 Bark Etching Structure•
A dark etching structure in the austenite, shorn fo r  
example in Pigs# 35 and 36, has been observed in specimens 
aged under conditions shown in ïable H .
Table 14 ‘
Conditions under which the dark etching
structure was observed.
Temp.(®G) Time (s ecs .)
800 10*
830 10* -  10*
900 10 3-5
930 10
The morphology o f  th is  structure could be described as
f ib rous  thregd -  l ik e  volumes observed to occur at the
a u s ten i t f - fe r r i t e  in ter face  in both the austenite formed at A
the f e r r i t i c  boundaries and intragranular austen ite .  As 
the structure is  very f in e  the op t ica l  microscopy was 
l im ited  to the advanced stages o f  formation. This l im i ta t ion  
imposed d i f f i c u l t i e s  in determining a transformation
y
C-curve eventhough i t  appeared that such charac te r is t ic  
e x i s t s .  The dark etching structure was not id e n t i f i e d  during 
th is  in v es t ig a t ion .  Attempts were made to obtain a 
composit ional analys is  using Energy Dispersiv^Spectroscopy 
( EDS ) but the structure appeared to have been eroded 
during etch ing.  Unetched specimens were examined but the 
structure could not be observed thus making i t  impossible 
to obtain an ana lys is .
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During the transmission microscopic observations the 
structure was observed and found to have a morphology- 
consistent with the op tica l microscopic observations.
The fo i l s  fo r  transmission microscopy were prepared using 
perchloric acid , acetic  acid , and g lycero l e lec tro ly te  
thinned the matrix su ffic ie n t ly  to reveal morphological 
features but did not thin the structure su ffic ien tly  fo r  
d iffra c t io n  work. A further problem was that the structure 
occured in iso lated regions thus making i t  d i f f ic u lt  to 
obtain fo i ls  in which the structure could be examined - 
although no positive id en tifica tion  of the structure was 
made the p o ss ib ility  ex ists that i t  was a form of metallic 
carbide perhaps M^C^. The reasons fo r  the conclusion are 
as fo llow s:
( i )  The structure formed in the temperature range 
800°C to 930*C in which carbide precip itation  
has been reported (13).
• ( i i )  The structure appeared to nucleate at the 
au sten ite -fe rr ite  in terface.
( i i i )  I t  was possible to d iffe ren tia te  between the
structure and sigma phase in specimens in which 
they coexisted.
( i v )  The morphology is  sim ilar to that reported fo r 
M 1 3 C «. ( 7 i r ) *
(v )  carbides have been reported in duplex
stainless s tee ls .
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8*6 Further Work Necessary.
The in i t ia l  investigation  was undertaken to study,
( i )  the morphologies and k inetics of formation of 
austenite in a duplex stain less s tee l, and 
( i i )  the morphologies and kinetics of formation, 
o f sigma in the same a llo y , *
These investigation  have been made in d e ta il fo r 
specimens transformed under isothermal treatment conditions 
at temperatures ranging from 1 100°C to 600°C . 
Crystallographic studies on the austenite could not be 
made within the time lim it of this investigation and the 
information, such as austenite habit planes, austenite- 
fe r r i t e  orientation relationship which have been reported 
fo r  some duplex stainless s tee ls , could profitab ly be made 
fo r  the a llo y  3RE60.
The study of sigma phase covered morphological and 
k inetic aspects. Id en tifica tion  was made pos itive ly  
using selected area electron d iffra c tion  but the problem 
associated with possible double d iffra c tion  and 
confirmation of the ordered domain structure should be 
pursued using higher resolution microscopy and convergent 
beam electron d iffra c tion  using scanning transmission 
electron  microscopy (STEM), to image the 30 nm domains.
Id en tifica tion  of the dark etching structure using 
electron  d iffra c tion  should be pursued. However, a large 
number of f o i ls  may be necessary to obtain a representative 
structure fo r  d iffra c tion  analyses. Microanalyses may be 
necessary to support the study and could only be carried
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out with energy disperse spectroscopy using STEM.
I t  was also observed that another phase precipitated 
at 700°C a fte r  a treatment time of 10 ^secs. One 
d iffra c t io n  pattern obtained from the phase showed that i t  
was a large d-spacing. The precise condition under which 
th is phase forms should be determined and id en tifica tion  





1. I t  has been shown that the formation of austenite
from fe r r it e  in duplex stain less steels containing 
24.9 % (w t. )Cr and 6 .6  % (w t.)N i equivalent occurs 
with the fo llow ing characteristics. .
(a ) The morphologies of the austenite are sim ilar 
those occuring in low a llo y  steels as described 
by the Dube* c la ss ific a t io n .
* (b ) The kinetics o f transformation occuring during 
isothermal treatment in the temperature range 
of 1200°C to 600#C are represented by normal 
C-c urve s .
2. I t  has been shown that the formation of sigma phase 
from fe r r it e  in the same duplex stainless s tee l 
occurs with the fo llow ing characteristics.
(a ) The morphology of sigma phase formed during 
isothermal treatment was governed by the shape 
of the remaining S -fe rr ite  which in turn was ■ 
controlled by the shape of precipitated - 
austenite.
(b ) The kinetic of transformation occuring during 
isothermal treatment in the temperature range
0 o
of 650 C to 950 C are represented by the normal 
C-c urve.
( c ) The maximum volume f ra c t io n  of sigma phase 
found was M% at  900 C a f t e r  10 secs.
( d ) Sigma was found to have a pr im it ive  te tragonal 




a * 793.9 pm, 
c = 404.9 pm, and 
c/a = 0.51
(e ) Sigma may ex ist with an ordered domain *• 
structure.
3. At, least two other unidentified phases were formed 
* during isothermal treatments at 900°C and 700*C.
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Appendix 2 (a )  Data from measurement of volume fra c t io n
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Appendix 2 (b )  Data from measurement of volume fra c t io n
of au sten ite  and f e r r i t e .
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Appendix 2 ( c )  Data from measurement o f volume fra c t io n
of austen ite  and f e r r i t e .
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Appendix 3 (a ) D istribution of average hardness 
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Appendix 3 0 0  Data from measurement o f hardness
on specimens that had been isotherm ally  trea ted .
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Appendix 3 ( c )  Data from measurement o f hardness
on specimens that had been isotherm ally  trea ted .
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Appendix 3 (d ) Data from measurement o f hardness
on specimens that had been isotherm ally  trea ted .
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Appendix 3 ( e )  Data from measurement o f hardness
on specimens that had been isotherm ally  trea ted .
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Appendix 3 ( f )  Data from measurement of hardness
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Appendix 3 ( g )  Data from measurement of hardness
on specimens that had "been isotherm ally  trea ted .
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Appendix 4 (a ) L ist of formulae used fo r  the 
analyses of electron d iffra c tion  pattern.
STANDARD FCRMÜIAE.
( i )  AL = CAMERA CONSTANT
FOR HOLDER WITH 30* angle Kfi. = 25.5398 A mm. 
' FOR HOLDER WITH 45° angle At= 27.7919 A mm.
( i i )  à - Spacings ( A)
d «  where r is in mm. 
r
( i i i ) Sin*9 = (h2, + k2- ) A + l * C
0 is BRAGG fS ANGIE 
A + C are constants.
Sinl 9 = l/  = 2  (a rh itary ).
( i v )  Lattice parameters
a = 1 /Jà C = 1 / Tc
Note : Due to the sequence in which the analyses presented 
in Appendix 4(h) were carried out, mixed standard S .I 
and metric units were used.
Appendix 4 ( b ) .
The fo llow ing 16 d iffra c tion  patterns, obtained 
from sigma structure, have been analysed consistantly 
as a prim itive tetragonal unit c e l l .
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